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REAL PARTY IN INTEREST: 

The real party in interest is the assignee of the present application, Siemensd 
Aktiengesellschaft, a German corporation. 
RELATED APPEALS AND INTERFERENCES: 

Although the respective sets of claims are patentably distinct, and although no 
issue of double patenting has ever been raised during the prosecution of either 
application, Appellants acknowledge that the subject matter disclosed in the present 
application overlaps certain portions of the disclosure of copending application Serial 
No. 10/792,570 filed March 3, 2004, which is on appeal, and in which an Appeal 
Brief was filed on March 18, 2009. Different references have been relied upon, 
however, in the rejection of the claims of application Serial No. 10/792,570 than in 
the case of the references relied upon by the Examiner in the present application. 

There are no related interferences. 
STATUS OF CLAIMS: 

Claims 1-13 are on appeal, and constitute all pending claims of the 
application. All of those claims stand as being rejected in the Office Action dated 
August 15, 2008. 

The application was filed with claims 1-13. Although amendments were made 
to certain of claims 1-13 during prosecution, no claim was added or cancelled during 
prosecution. 

STATUS OF AMENDMENTS: 

No Amendment was filed following the final rejection. 
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SUMMARY OF CLAIMED SUBJECT MATTER: 

Independent claims 1 and 9 are the only independent claims on appeal. 
Exemplary citations to the drawings and specification are provided in the copies of 
claims 1 and 9 set forth below, with reference to the drawings (Figs. 1-11) that are 
attached hereto as Exhibit A. 

1 . A method to spatially localize a region in a biological tissue section that, at 
least during an examination (p. 6, I. 22-24), exhibits a fluorescence property different 
from the tissue section (p. 6, I. 24-29), due to which, given an exposure with light of a 
first wavelength, light of another wavelength is emitted (p. 7, I. 8-11), comprising the 
steps of: 

- (a) applying a sequence of fluorescence-exciting light signals at different 
locations on the tissue-section (p. 7, I. 15-17); 

(b) measuring fluorescence light arising due to the light signals, at a plurality 

of measurement locations on a surface of the tissue section, and 
thereby obtaining response signals (p. 7, I. 18-20); 

(c) determining frequency-independent signal portions in the response signals 

and further processing the frequency-independent signal portions into 
input values for localization (p. 1 1 , I. 7 - p. 1 2, I. 1 1 ); 

(d) modeling the tissue section and determining a set of lead fields from the 

model (p. 12, I. 22 - p. 15, I. 9; p. 15, I. 15 - p. 18, I. 8); and 
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(e) transforming the lead fields and comparing the input values processed 
from the frequency-independent signal portions with the transformed 
lead fields (p. 13, I. 4-11, p. 15, I. 20 - p. 16, I 13), and identifying a 
three-dimensional location of the transformed lead fields that best 
reproduces the frequency-independent signal portions (p. 16, I. 14-17), 
and emitting the identified three-dimensional location of the 
transformed lead fields as a three-dimensional location of the region to 
be localized (p. 8, I. 1-3). 

9. A device for spatially localizing a region in a biological tissue section (p. 6, 
I. 22-24), that at least during an examination, exhibits a fluorescence property 
different from the tissue section (p. 6, I. 24-25), said device comprising: 

an arrangement of light sensors distributed on a surface of the tissue section 
(applicator 7 in Fig. 2; p. 7, 5-7); 

a laser diode arrangement (applicator 7 operated by control device 5 in Fig. 2; 
(p. 7, I. 5-7) that emits fluorescence-exciting light that interacts with a 
fluorescing marked region in the tissue section (p. 7, I. 15-17), causing 
the marked region to emit fluorescence-exited light that is detected by 
the light sensors in a two-dimensional measurement value distribution, 
said light sensors generating response signals corresponding to said 
two-dimensional measurement value distribution (applicator 2; p. 7, I. 
18-20); and 
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a processor (7 in Fig. 2; p. 7, I. 18-20) supplied with said response signals, 
said processor being configured to determine frequency-independent 
signal portions in the response signals and to further process the 
frequency-independent signal portions into input values for localization 
(p. 11, I. 7 - p. 12, I. 11), and to model (model 9, Fig. 2) the tissue 
section and determine a set of lead fields from the model (p. 12, I. 22 - 
p. 15, I. 9; p. 17, I. 15 - p. 18, I. 8), and to transform the lead fields and 
to compare the input values processed from the frequency- 
independent signal portions with the transformed lead fields (p. 13, I. 
j4-11; p. 15, I. 20 - p. 16, I. 130, and to identify a three-dimensional 
location of the transformed lead fields that best reproduces the 
frequency-independent signal portions (p. 16, I. 14-17), and to emit the 
identified three-dimensional location of the transformed lead fields as a 
three-dimensional location of the region to be localized (display 10 in 
Fig. 2, p. 8, I. 1-3). 
GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL: 

The following issues are presented for review in this Appeal: 
Whether claims 1-13 satisfy the enablement requirement of 35 U.S.C. §112, 
first paragraph with regard to how modeling of tissue is obtained without undue 
experimentation, and with regard to how to obtain a three-dimensional location from 
two-dimensional measured values of detected, fluorescence-excited light; and 

Whether the subject matter of claims 1-13 would have been obvious to a 
person of ordinary skill in the field of spatially resolved identification of the in vivo 
location of a medical anomaly (lesion), under the provisions of 35 U.S.C. §1 03(a) 
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based on the teachings of United States Patent No. 5,999,836 (Nelson et al, Exhibit 
B) and an article "Towards Virtual Electrical Breast Biopsy: Space-Frequency MUSIC 
for Trans-Admittance Data," Scholz IEEE Trans. Med. Imag., Volume 21, No. 6, 
pages 588-595 (2002) (Exhibit C). 
ARGUMENT: 

Rejection Under Section 112, First Paragraph As Failing to Comply With 
the Enablement Requirement. 

In the subject matter disclosed and claimed in the claims on appeal in the 
present application, the tissue modeling takes place using any of numerous tissue 
modeling procedures. The basic concepts regarding tissue modeling are well known 
to those of ordinary skill in the art, and are discussed in detail beginning with the first 
full paragraph at page 10 of the present specification. At that location, citation is 
made to an article by one of the inventors relating to the use of the well known 
MUSIC algorithm. Much of the content of the article cited at page 10 is then 
duplicated or presented in the present specification through the paragraph ending in 
the third line from the bottom of page 12. 

Therefore, not only does the present specification itself provide extensive 
details regarding such tissue modeling, but the present specification also cites an 
article by one of the inventors that describes such modeling based in even more 
detail, and much of the relevant information in that article is reproduced in the 
present specification . 

Since the Examiner only made a general statement that the specification does 
not teach "how the modeling of the tissue is obtained without undue 
experimentation," Appellants are unable to determine what, if anything, is not 
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described in the present specification that the Examiner believes a person of 
ordinary skill in the relevant technology would need to know in order to undertake 
such tissue modeling. The Examiner has not identified specific alleged deficiencies 
that the Examiner believes would be needed by a person of ordinary skill in the 
technology to model tissue, which information is not described in the present 
specification. In view of the general nature of the alleged deficiency in the 
specification, Appellants submit that the aforementioned reference to the pages in 
the present specification and the article by Scholz, are more than adequate to 
respond to this rejection. 

Similarly, in the portion of the specification immediately following the 
aforementioned portion that describes tissue modeling, extensive discussion is 
provided as to how lead fields are derived from the tissue model (even though such 
derivation is also described in the aforementioned Scholz article), as well as how to 
transform those lead fields for use with optical data, as well as how an appropriate 
search of the transformed lead fields is undertaken in order to find the transformed 
lead fields that best reproduce the information obtained from the fluoroscopic 
markers. 

As explained in the introductory portion of the present specification, it is well 
known in the art to reconstruct a three-dimensional data set of a region of an 
examination subject based on a number of two-dimensional data sets obtained using 
fluoroscopic markers. Not only are these basic concepts well known in the field of 
image generation using fluoroscopic markers, but they are similar to the basic 
concepts used in computed tomography, wherein a three-dimensional view or data 
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set of an examination subject is obtained from a number of two-dimensional x-ray 
images. 

As also explained in the introductory portion of the present application, such 
three-dimensional reconstruction based on two-dimensional data sets obtained using 
fluoroscopic markers is very computation-intensive and time consuming. The 
present inventors have the insight that expending the computing time and effort to 
actually reconstruct a three-dimensional image from the two-dimensional data sets 
obtained with the fluoroscopic markers can be forgone by comparing the information 
obtained using the fluoroscopic markers to tissue that is modeled so that lead fields 
can be derived from the model. The modeled tissue already includes three- 
dimensional information, and, based on the comparison result as claimed, this three- 
dimensional information embodied in the transformed lead fields is used to identify a 
three-dimensional spatial position of a lesion represented in the two-dimensional 
data obtained using fluoroscopic markers. This discussion begins in the last 
paragraph at page 12 of the present specification and occupies virtually the rest of 
the specification, concluding at page 21. Appellants therefore respectfully submit 
that the manner by which this comparison is a able to achieve a precise spatial 
identification of a lesion is explained in the present specification with a level of detail 
that clearly enables a person of ordinary skill in this field to undertake the 
comparison and obtain the precise three-dimensional spatial location of a lesion in 
question. 

Again, the Examiner has only made the conclusory statement that the present 
specification does not provide such an enabling disclosure, but the Examiner has not 
identified any alleged lacking teachings or deficiencies in the present specification 
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that the Examiner believes would be necessary for a person of ordinary skill in this 
field to practice the subject matter of claims 1 or 9. 

In the last Office Action, dated August 15, 2008, the Examiner responded to 
the aforementioned arguments by stating that, although Appellants' disclosure cites 
the Scholz, it has not been incorporated in the present specification by reference. 
The Examiner then stated that "Therefore, only what is disclosed is part of the 
original specification. Appellants (sic) merely recites modeling the tissue and 
determining lead fields but does not disclose how it is obtained. The specification 
does not enable one of ordinary skill in the art to model the tissue and determine 
lead fields using fluorescence." 

As noted above, the Scholz article is not the only source in the present 
specification for the disclosure that Appellants consider to be enabling on these 
points. Even if it were, however, it is not necessary to incorporate an article by 
reference that merely describes information that is acknowledged to be known in the 
prior art. Appellants are entitled to write their disclosure based on knowledge that is 
known to be possessed by those of ordinary skill in the relevant technology, and the 
Scholz article is an example of such information, as well as a source of such 
information. 

As to tissue modeling itself based on signals generated by tissue 
fluorescence, Appellants submitted an article entitled "Tissue Optics: Light Scattering 
Methods and Instruments for Medical Diagnosis," Tuchin (2000), pages 1-25, cited 
during prosecution, as evidence of the type of tissue modeling information from 
fluorescence signal inputs that is known to those of ordinary skill in this field. This 
article is evidence that those of ordinary skill in this field have a sophisticated 
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knowledge of not only instrumentation but modeling techniques, and do not need 
detailed instructions on that particular aspect of the subject matter of the claims on 
appeal. 

Appellants at several points during prosecution requested the Examiner to 
identify with specificity the information that the Examiner believes a person of 
ordinary skill in this technology would require in order to make and use the invention, 
that is not disclosed in the present application. As also noted above, the Examiner 
has responded to those requests only by making general citations that the 
specification is allegedly lacking in that information, but the Examiner has not 
provided the converse information that would allow Appellants to respond to this 
rejection with any more degree of specificity than is contained in the Examiner's 
rejection. 

For the above reasons, Appellants submit that all claims of the application are 
in full compliance with all provisions of 35 U.S.C. §112, including the enablement 
requirement. 

Rejection of Claims 1-13 Under Section 103 Based on Nelson et al and 
Scholz 

As an initial observation, Appellants believe it is inconsistent on the part of the 
Examiner to allege that the present specification is inadequate under Section 112, 
first paragraph with regard to tissue modeling using lead fields, despite the citation of 
the Scholz article in the present specification, while simultaneously contending that 
the Scholz article, in combination with the Nelson et al reference, teaches the subject 
matter of independent claims 1 and 13 of the present specification. In paragraph 7 
of page 5 of the Office Action dated February 13, 2008, the Examiner explicitly 
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stated that the publication to Scholz teaches the method steps of modeling the tissue 
section and determining a set of lead fields from the model as well as transforming 
the lead fields. In view of the fact that the Examiner acknowledges all of these 
teachings in the Scholz article, this makes the aforementioned rejection under 
Section 112, first paragraph even less justifiable. 

The Nelson et al reference is for the purpose of producing an image of an 
examination subject, such as an image of a female breast in a mammography 
examination. The image is produced using non-ionizing radiation that irradiates the 
entirety of the object. The result of the imaging procedure in Nelson et al, however, 
is a 2D image of the subject. It is true that pathological tissue in this 2D image can 
be identified, however, the image produced in the Nelson et al reference does not 
allow a spatial (i.e. three-dimensional) localization of a pathology, such as a lesion, 
as in the subject matter disclosed and claimed in the present application. Each of 
independent claims 1 and 9 refers, in the preamble, to spatially localizing a region in 
a biological tissue section, as well as stating, at the end of each claim, the result of a 
three-dimensional location of the transformed lead fields that best reproduces the 
frequency-dependent signal portions as a three-dimensional location of the region to 
be localized. 

Equally as importantly, the Nelson et al reference does not make any use of 
fluorescence in generating the image that is described therein. Each of independent 
claims 1 and 9 explicitly states that a laser diode arrangement is used to excite 
fluorescence in a fluorescing marked region in a tissue section under examination. 
On this point, the Examiner noted language at column 18, lines 9-14 in the Nelson et 
al reference describing properties of tissue that are modified due to the passage of 
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the light beam therethrough. Fluorescence clearly is not explicitly included in this 
listing, but the term "spectrum" is used in this listing. Despite the passing mention of 
the term "spectrum" in this listing, no use whatsoever is made of any spectral 
properties of the tissue under examination in the procedure described in the Nelson 
et al reference. Appellants respectfully submit that such a general, non-specific 
mention of the word "spectrum" in this listing of other properties, with no further 
usage being made of any spectral properties of the tissue in the Nelson et al 
reference, is insufficient to provide any teaching, inducement, or guidance to a 
person of ordinary skill in the field of identifying pathological tissue locations to make 
use of fluorescence, as claimed in the present application. The property of 
fluorescence, although certainly being associated with a spectrum, is but one of 
many optical properties of which the same could be said. A non-specific passing 
reference to the word "spectrum" as in the Nelson et al reference clearly is 
insufficient to suggest that many specific use be made of fluorescent properties of 
tissue for lesion localization. 

Appellants therefore submit that the initial statement made by the Examiner ct 
p. 3, paragraph 6 of the August 15, 2008 final rejection, that the Nelson et al 
reference inherently discloses method steps to spatially localize a region in a 
biological tissue section, is incorrect. To the extent that the remainder of the 
"interpretation" of the Nelson et al reference is based on this erroneous assumption, 
Appellants respectfully submit that the general teachings of the Nelson et al 
reference are completely unrelated to the subject matter disclosed and claimed in 
the present application. In the Nelson et al reference, as explicitly stated at column 
8, lines 18-20, a three-dimensional image is acquired from multiple two-dimensional 
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images respectively obtained at various viewing directions. Although Appellants do 
not deny that many, very different ways exist to reconstruct a three-dimensional 
image from multiple two-dimensional images, the Nelson et al reference itself does 
not provide any information as to how the aforementioned three-dimensional image 
is intended to be generated. No method and no reconstruction are disclosed in the 
Nelson et al reference for this purpose. 

Moreover, as those of ordinary skill in the field of medical imaging are well 
aware, the reconstruction of a three-dimensional image is a completely different 
technique from spatial localization of a tissue region of interest. Localization 
methods do not necessarily require the generation of a volume image, but are only 
for the purpose of calculating or identifying the position of a tissue region of interest, 
that is to be localized, such as a tumor, with certain criteria for the location being 
specified. Reconstruction techniques, by contrast, calculate a complete two or three- 
dimensional image of an entire region. It is possible that after a three-dimensional 
image or a two-dimensional image is reconstructed, a localization method could then 
be applied thereto, but the reconstruction of image itself has nothing whatsoever to 
do with localization per se. 

All of the disclosures cited by the Examiner in the Nelson et al reference are 
no more than cumulative of the prior art discussed in the introductory portion of the 
present specification. 

The Examiner acknowledged that Nelson et al does not disclose the method 
steps of modeling the tissue section and determining a set of lead fields from the 
model, and the other steps following from the transformation of these lead fields and 
the use thereof to localize a lesion. The Examiner relied on the Scholz publication 



as disclosing such steps. The Scholz publication, however, is not at all concerned 
with lesion location using fluorescence, and the localization procedure dislcosed in 
the Scholz publication is exclusively concerned with modeling the spatial location of 
dipoles, that are intentionally produced in tissue under examination by applying 
electrical fields to the tissue. The only location where there is any suggestion to use 
a modeling procedure of the type disclosed in the Scholz article, in the context of 
measurements involving a laser light source arrangement, is in the present 
specification, at page 10. Of course, it is impermissible for the Examiner to rely on 
insights that are not found anywhere else in the literature, except the Applicants' 
specification, as a basis for rejecting the claims on appeal. 

The Scholz article, as noted above, discloses generating a tissue model from 
which a set of lead fields can be determined. The Examiner noted that the Nelson et 
al reference discloses that electrical magnetic properties of various metal and 
diseased breast tissues exhibit wavelength dependence, and that examining the 
effects of tissue on other electromagnetic parameters may aid in distinguishing 
between various types of tissues. This is such a general and well known fact in the 
field of medical imaging that it was hardly necessary to rely on the Nelson et al 
reference as providing such a teaching. The Examiner then states that therefore a 
person of ordinary skill in the art would recognize that comparing the results from the 
device of Nelson et al and Scholz, breast cancer localization can be enhanced. 
Appellants do not find any teaching, guidance or motivation of the type necessary to 
substantiate a rejection under 35 U.S.C. §1 03(a) as being present in either of those 
references. The Examiner has merely cited a general, well known item of 
information, and attributed it to the Nelson et al reference, and then concluded that 
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the completely different technique disclosed in the Scholz article could be used in 
furtherance of this general and well known information. Distinguishing between 
different types of tissue is the goal of every imaging method, and every imaging 
method must inherently include information that allows at least two different types of 
tissue to be distinguished from each other, otherwise there would be no purpose in 
generating a medical image at all. 

Since the Scholz et al publication has nothing whatsoever to do with imaging, 
and since the Nelson et al reference is exclusively concerned with imaging, 
Applicants submit that there is no point of intersection whatsoever between the 
teachings of those respective documents. For the reasons noted above, since the 
Nelson et al reference is exclusively concerned with producing a two-dimensional 
image, combining the teachings of Nelson et al with the modeling technique 
disclosed in Scholz et al would not serve any purpose, and would not result in the 
subject matter of any of the claims of the present application. Appellants further 
submit that, in view of the completely different techniques disclosed in the Nelson et 
al patent and the Scholz publication, if a person of ordinary skill in the field of 
pathology identification did have the insight to make use of the Scholz modeling 
technique in the context of imaging of the type disclosed in Nelson et al, this would 
be a reason supporting patentability, rather than a basis for precluding patentability. 

The Federal Circuit stated in In re Lee 227 F.3d 1338, 61 U.S.P.Q. 2d 1430 
(Fed. Cir. 2002) : 

"The factual inquiry whether to combine references must be thorough 
and searching. ...It must be based on objective evidence of record. 
This precedent has been reinforced in myriad decisions, and cannot be 
dispensed with." 



Similarly, quoting C.R. Bard, Inc. v. M3 Systems, Inc., 157 F.3d 1340, 1352, 

48 U.S.P.Q. 2d 1225, 1232 (Fed. Cir. 1998) , the Federal Circuit in Brown & 

Williamson Tobacco Court v. Philip Morris, Inc., 229 F.3d 1120, 1124-1125, 56 

U.S.P.Q. 2d 1456, 1459 (Fed. Cir. 2000) stated: 

[A] showing of a suggestion, teaching or motivation to combine the 
prior art references is an 'essential component of an obviousness 
holding'. 

In In re Dembiczak, 175 F.3d 994,999, 50 U.S.P.Q. 2d 1614, 1617 (Fed. Cir. 

1999) the Federal Circuit stated: 

Our case law makes clear that the best defense against the subtle but 
powerful attraction of a hindsight-based obviousness analysis is 
rigorous application of the requirement for a showing of the teaching or 
motivation to combine prior art references. 

Consistently, in In re Rouffet 149 F.3d 1350, 1359, 47 U.S.P.Q. 2d 1453, 

1459 (Fed. Cir. 1998) , the Federal Circuit stated: 

[E]ven when the level of skill in the art is high, the Board must identify 
specifically the principle, known to one of ordinary skill in the art, that 
suggests the claimed combination. In other words, the Board must 
explain the reasons one of ordinary skill in the art would have been 
motivated to select the references and to combine them to render the 
claimed invention obvious. 

In Winner International Royalty Corp. v. Wang, 200 F.3d 1340, 1348-1349, 53 

U.S.P.Q. 2d 1580, 1586 (Fed. Cir. 2000) , the Federal Circuit stated: 

Although a reference need not expressly teach that the disclosure 
contained therein should be combined with another, ... the showing of 
combinability, in whatever form, must nevertheless be clear and 
particular 

Lastly, in Crown Operations International, Ltd. y. Solatia, Inc., 289 F.3d 1367, 

1376, 62 U.S.P.Q. 2d 1917 (Fed. Cir. 2002) , the Federal Circuit stated: 

There must be a teaching or suggestion within the prior art, within the 
nature of the problem to be solved, or within the general knowledge of 
a person of ordinary skill in the field of the invention, to look to 
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particular sources, to select particular elements, and to combine them 
as combined by the inventor. 

Appellants submit that the decision of the United States Supreme Court in 

KSR International Co. v, Teleflex Inc., LLS, , 127 S.Ct. 1727, 82 USPQ 

2d 1385 (2007) , and the United States Patent and Trademark Office guidelines for 
applying that decision, support the position of the Appellants. That decision, 
although stating that it is not always required to point to a specific teaching in a prior 
art reference in order to substantiate a rejection under 35 U.S.C. §1Q3(a) , by no 
means approved ignoring the above long-standing precedent, and certainly did not 
represent a blanket overruling of that precedent. In the KSR decision, the Supreme 
Court stated, under certain circumstances, it may not be necessary to point to a 
specific passage in a prior art reference as evidence of motivation, guidance or 
inducement in order to modify that reference in a manner that obviates the patent 
claim in question. The Supreme Court stated that if a person of ordinary skill in the 
art can implement a predictable variation and would see the benefit of doing so, 
Section 103(a) likely bars patentability. 

Nevertheless, the Supreme Court also stated that the requirement to find a 
teaching, suggestion or motivation in the prior art "captures a helpful insight." The 
Supreme Court stated that although common sense directs caution as to a patent 
application claiming as innovation the combination of two known devices according 
to their established functions, it can be important to identify a reason that would have 
prompted a person of ordinary skill in the art to combine the elements as the new 
invention does. The Supreme Court, however, stated that not every application 
requires such detailed reasoning. The Supreme Court stated that helpful insights 



need not become rigid and mandatory formulas. The Supreme Court only stated 
that if the requirement to find a teaching, suggestion or motivation is required in such 
a rigid, formulaic manner, it is then inconsistent with the precedence of the Supreme 
Court. In fact, the Supreme Court stated that since the "teaching, suggestion or 
motivation" test was devised, the Federal Circuit doubtless has applied it in accord 
with these principles in many cases. The Supreme Court stated there is no 
necessary inconsistency between this test and an analysis conducted under the 
standards of Graham v. Deere. The Supreme Court stated the only error is 
transforming this general principle into a "rigid rule limiting the obviousness inquiry." 

Therefore, Appellants submit this decision of the Supreme Court does not in 
any manner approve, much less require, the absence of a rigorous evidentiary 
investigation on the part of the Examiner in order to substantiate most rejections 
under 35 U.S.C. 5103(a) . Only under the somewhat unusual, and very limited, 
circumstances outlined by the Supreme Court in the KSR decision might the 
Supreme Court excuse the absence of such a rigorous evidentiary investigation in 
reaching a conclusion of obviousness under 35 U.S.C. §103(a) . 

This view of the KSR decision has been substantiated by the United States 
Court of Appeals for the Federal Circuit in Takeda Chemical Industries Limited v. 
Alphaoharm Pty.Ltd.A92 F.3d 1350, 83 U.S.P.Q.2d, 169 (Fed. Cir. 2007) , which was 
one of the earliest decisions of the Federal Circuit after the KSR decision was 
decided by the Supreme Court. The Takeda decision concerned a chemical patent 
that was the subject of an infringement lawsuit, and which was attacked by the 
infringer on the basis of the claimed subject matter being "obvious to try." After 
acknowledging that the KSR decision held that the teaching-suggestion-motivation 



test should not be applied rigidly, the Federal Circuit stated that the KSR decision 
actually recognized the value of that test in determining whether the prior art 
provided a reason for one of skill in the art to make the claimed combination. The 
Federal Circuit stated this is consistent with the Federal Circuit precedent in In re 
Dillon, 919 F.2d 688 (Fed. Cir. 1990) and in In re Deuei 51 F.3d 1552 (Fed. Cir. 
1995) . The Federal Circuit stated that in cases involving new chemical compounds, 
it remains necessary to identify some reason that would have led a chemist to modify 
a known compound in a particular manner to establish prima facie obviousness of 
the new claimed compound. In the Takeda decision, the Federal Circuit stated: 

The KSR Court recognized that "[w]hen there is a design need or market 
pressure to solve a problem and there are a finite number of identified, predictable 
solutions, a person of ordinary skill has good reason to pursue the known options 
within his or her technical grasp," KSR, 127 S.Ct. at 1732 . In such circumstances, 
"the fact that a combination was obvious to try might show that it would obvious 
under §103." icL that is not the case here. Rather than identify predictable solutions 
for antidiabetic treatment, the prior art disclosed a broad selection of compounds, 
any one of which could have been selected as a lead compound for further 
investigation. 

Applicants respectfully submit that even after the KSR decision, the Examiner 
is still required to provide more than a "therefore" clause in order to provide 
evidentiary support for combining the teachings of two disclosures that are so 
fundamentally different from each other as are the Nelson et al and Scholz 
references. 
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Only the present Applicants have had the insight to realize that, by a 
comparison, the three-dimensional information that is embodied in the transformed 
lead fields can be used to spatially identify the three-dimensional position of a lesion 
from data generated by fluoroscopic markers, in the manner set forth in independent 
claims 1 and 9. No teaching even remotely approaching that insight is present in 
either of the Nelson et al or Scholz references. 

The respective dependent claims add further method steps, or further 
components, to the non-obvious combinations of claims 1 and 9, respectively. None 
of those dependent claims, therefore, would have been obvious to a person of 
ordinary skill in the field of lesion localization, under the provisions of 35 U.S.C. 
§1 03(a), based on the teachings of Nelson et al and Scholz. 
CONCLUSION: 

For the above reasons, Appellants respectfully submit the Examiner is in error 
in fact and in law in rejecting the claims on appeal under Section 112 and under 
Section 103(a).. Reversal of these rejections is proper, and the same is respectfully 
respected. 

This Appeal Brief is accompanied by electronic payment for the requisite fee 
in the amount of $540.00. 
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Telephone: 312/258-5790 
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CLAIMS APPENDIX 

1 . A method to spatially localize a region in a biological tissue section that, at 
least during an examination, exhibits a fluorescence property different from the 
tissue section, due to which, given an exposure with light of a first wavelength, light 
of another wavelength is emitted, comprising the steps of: 

(a) applying a sequence of fluorescence-exciting light signals at different 

locations on the tissue-section; 

(b) measuring fluorescence light arising due to the light signals, at a plurality 

of measurement locations on a surface of the tissue section, and 
thereby obtaining response signals; 

(c) determining frequency-independent signal portions in the response signals 

and further processing the frequency-independent signal portions into 
input values for localization; 

(d) modeling the tissue section and determining a set of lead fields from the 

model; and 

(e) transforming the lead fields and comparing the input values processed 

from the frequency-independent signal portions with the transformed 
lead fields, and identifying a three-dimensional location of the 
transformed lead fields that best reproduces the frequency- 
independent signal portions, and emitting the identified three- 
dimensional location of the transformed lead fields as a three- 
dimensional location of the region to be localized. 

2. A method as claimed in claim 1, comprising marking the regions with 
fluorescing markers to generate the various fluorescence properties. 
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3. A method as claimed in claim 1 wherein step (a) comprises generating the 
fluorescence-exciting light signals with various modulation frequencies and radiating 
the light signals into the tissue section. 

4. A method as claimed in claim 3 comprising radiating the fluorescence- 
exciting light signals as laser light of suitable wavelength. 

5. A method as claimed in claim 1, comprising normalizing said lead fields 
before step (e). 

6. A method as claimed in claim 1, wherein step (e) comprises transforming 
the lead fields into orthogonal lead fields. 

7. A method as claimed in claim 6, comprising determining the orthogonal 
lead fields from the lead fields by a singular-value decomposition. 

8. A method as claimed in claim 7, comprising determining optical 
parameters with reference measurements in non-fluorescence-exciting wavelengths 
by estimation. 

9. A device for spatially localizing a region in a biological tissue section, that 
at least during an examination, exhibits a fluorescence property different from the 
tissue section, said device comprising: 

an arrangement of light sensors distributed on a surface of the tissue section; 

a laser diode arrangement that emits fluorescence-exciting light that interacts 
with a fluorescing marked region in the tissue section, causing the 
marked region to emit fluorescence-exited light that is detected by the 
light sensors in a two-dimensional measurement value distribution, said 
light sensors generating response signals corresponding to said two- 
dimensional me*asurement value distribution; and 
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a processor supplied with said response signals, said processor being 
configured to determine frequency-independent signal portions in the 
response signals and to further process the frequency-independent 
signal portions into input values for localization, and to model the tissue 
section and determine a set of lead fields from the model, and to 
transform the lead fields and to compare the input values processed 
from the frequency-independent signal portions with the transformed 
lead fields, and to identify a three-dimensional location of the 
transformed lead fields that best reproduces the frequency- 
independent signal portions, and to emit the identified three- 
dimensional location of the transformed lead fields as a three- 
dimensional location of the region to be localized. 

10. A device as claimed in claim 9 wherein said arrangement of light sensors 
comprises a first set of light sensors and a second set of light sensors adapted to be 
respectively disposed on opposite sides of said tissue section. 

11. A device as claimed in claim 9 comprising an x-ray mammography 
apparatus having two compression plates, and wherein said light sensor 
arrangement is integrated into at least one of said compression plates. 

12. A device as claimed in claim 9 wherein said arrangement of light sensors 
comprises a flexible mounting for said light sensors. 

13. A device as claimed in claim 9 wherein said arrangement of light sensors 
comprises a curved mounting for said light sensors. 
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EVIDENCE APPENDIX 

Exhibit A: Figs. 1-11 of the application, as originally filed on November 25, 

2003. 

Exhibit B: United States Patent No. 5,999,836 (Nelson et al) - cited in the 
final rejection dated August 15, 2008. 

Exhibit C: "Towards Virtual Electrical Breast Biopsy: Space-Frequency 
MUSIC for Trans-Admittance Data," Scholz, IEEE Trans. On Medical Imaging, 
Volume 21 , No. 6 (2002) - cited in the final rejection dated August 15, 2008. 

Exhibit D: "Tissue Optics: Light Scattering Methods and Instruments for 
Medical Diagnosis," Tuchin (2000), pages 1-25 - Submitted with the Information 
Disclosure Statement filed July 1 1 , 2008. 
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RELATED PROCEEDINGS APPENDIX 

No decision has been rendered in connection with the Appeal in Serial No. 

10/792,570. 

CH1\6325778.1 
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ABSTRACT 



The present invention provides a method and apparatus for 
high resolution breast imaging using collimated non- 
ionizing acoustic radiation and electromagnetic radiation in 
the near ultraviolet, visible, infrared and microwave regions 
(i.e. "light") rather than ionizing x : radiation. The light used 
is of a narrow spectral bandwidth in that the optical prop- 
erties of interest are relatively uniform over the bandwidth. 
The incident collimated light is transmitted through and 
backscattered out of a breast. Normal and diseased breast 
materials exhibit comparatively distinct characteristics when 
exposed to radiation and are thereby differentiated. Colli- 
mation can also be used to control the level of scattered 
radiation. Radiation coupling materials can be employed 
during image acquisition to enhance radiation coupling into 
and out of the breast as well as providing desirable absorp- 
tion and scattering properties. Additional scatter reduction 
and/or improved sensitivity can be attained by compressing 
a region of the breast using contoured and/or flat compres- 
sion plates of various sizes which may include an open 
region allowing access to the surface of the breast for 
irradiating a portion of the breast. An acoustic field can be 
introduced into a volume of breast tissue altering its optical 
qualities. These changes can be recorded by intersecting an 
optical field with the acoustic field, providing spatial infor- 
mation and tissue characterization. 

29 Claims, 16 Drawing Sheets 



BLADDER INSERTED INTO 
OPENING IN SHAPED 
COMPRESSION PLATE 

FORCE 



FLEXIBLE 
ACOUSTICALLY-TRANSWISSIVE 
SHEET 

SHAPED \ 
COMPRESSION ^ 
PLATE 

\ 




FRAME FOR 
MOUNTING TRANSDUCER 
AND FLEXIBLE SHEET 



MOVEABLE 
TRANSDUCER 













7—, 











/ 



T^- J 

■ — — c~^*^- — 



BREAST SURFACE 



COUPLING 
FLUID/GEL 




U.S. Patent 



Dec. 7, 1999 



Sheet 1 of 16 



5,999,836 



FIG. la 




TRANSPARENT 
COMPRESSION 
PLATES 



FIG. lb 




LASER OR OTHER COLLIMATED 
LIGHT SOURCE(S) EMIT LIGHT 
OF WAVELENGTH X WHICH IS 
INCIDENT NORMAL TO THE 
SURFACE OF PLATE A 



TRANSPARENT 
COMPRESSION 
PLATES 



DETECTORS FOR LIGHT EMITTED 
BY SOURCE I AND SOURCE 2 ARE BEHIND 
PLATE B AND NOT SHOWN IN THE DIAGRAM 



U.S. Patent 



Dec. 7, 1999 



Sheet 2 of 16 



5,999,836 



COLLIMATED 
DETECTOR 




COLLIMATED 
SOURCE 
BEAM 

COMPRESSION 
PLATE A 

BREAST 

COMPRESSION 
PLATE B 

TRANSMITTED BEAM 

SIGNAL OUTPUT TO 
DIGITIZER AND COMPUTER 



MULTIPLE POINT 
SOURCE 




MULTIPLE DETECTOR 



FIG. 2a 

RASTER SCAN FORMAT INCIDENT 
NORMAL TO SURFACE 



FIG. 2b 

MULTIPLE RASTER SCAN 



LENS PRODUCES SOURCE 




FIG. 2c 



FIG. 2d 



U.S. Patent 



Dec. 7, 1999 



Sheet 3 of 16 



5,999,836 




Dec. 7, 1999 



Sheet 5 of 16 



5,999,836 




FIG. 8a 




U.S. Patent Dec. 7, 1999 Sheet 6 of 16 5,999,836 




FIG. 9a 




U.S. Patent 



Dec. 7, 1999 



Sheet 7 of 16 



5,999,836 




U.S. Patent Dec. 7, 1999 Sheet 10 of 16 



5,999,836 




U.S. Patent 



Dec. 7, 1999 



Sheet 12 of 16 



5,999,836 




FIG. 14 



U.S. Patent 



Dec. 7, 1999 



Sheet 13 of 16 



5,999,836 




COATING 



SOURCE IS] CAN BE 
TERMINATED IN 




FIG. 16a 



FIG. 



OPEN 
COMPRESSION 
PLATE 



SCANNING BAR 



ARRAY OF TILTED 
SENSORS + ARRAY 
OF TILTED DETECTORS 




U.S. Patent Dec. 7, 1999 Sheet 14 of 16 5,999,836 




J 02a 



COLLIMATED 1 
EXIT BEAM 



COLLIMATED EXIT 
BEAM DETECTOR 



FIG. 17 



U.S. Patent Dec. 7, 1999 Sheet 15 of 16 5,999,836 



COLLIMATED 
SOURCE 



ACOUSTIC 



SOURCE/RECEIVER 

/ 




ACOUSTIC BEAM / DETECTOR 
ACOUSTIC 
SOURCE/RECEIVER 



FIG. 18 




FIG. 19 



U.S. Patent 



Dec. 7, 1999 



Sheet 16 of 16 



5,999,836 



BLADDER INSERTED INTO 
OPENING IN SHAPED 
COMPRESSION PLATE 



FORCE 




5,999,836 

1 2 

ENHANCED HIGH RESOLUTION BREAST Unfortunately, implementing energy- selective x-ray spec- 

IMAGING DEVICE AND METHOD troscopy with a detector array experiencing very high count 

UTILIZING NON-IONIZING RADIATION OF rates is difficult and compromises may be required. See 

NARROW SPECTRAL BANDWIDTH Nelson, et al., U.S. Pat. No. 4,937,453 (1990). 

5 Implementing a TOF imaging system by gating or modu- 

RELATED APPLICATION INFORMATION lating an array of x-ray detectors which are designed to 

provide high contrast resolution and efficiency represents 

This application is a continuation in part of application another challenging problem. Of course, additional scatter 

Ser. No. 08/480,760, filed Jun. 6, 1995, now abandoned the reduction is still possible if low-tech concepts are imple- 

disclosure of which is hereby incorporated by reference as if aQ mented. For example, an inexpensive spatial filter such as a 

fully set forth herein. focused x-ray grid could be added to remove some fraction 



FIELD OF THE INVENTION 



of the large angle x-ray scatter in the plane of the slit. 
Clinical x-ray mammography, which employs a film- 

The present invention relates to breast imaging devices screen receptor and a molybdenum-anode x-ray tube, is 

and methods using non-ionizing radiation of narrow spectral 15 currently used as a mass-screening technique for breast 

bandwidth, particularly, enhancing the images obtained by disease. Two views of a breast are usually acquired in order 

such devices and methods. *" to kelp separate overlapping objects, providing a very 

simple form of tomography. However, certain risks are 
BACKGROUND OF THE INVENTION associated with x-ray examinations since x-ray radiation is 
_ . . t « , „ „ .„ 20 a is° ionizing, and, therefore, the exposure to which should 
The present invention can be understood more fuUy if be minimized( Minimizing exposure equates to limiting the 
image enhancement techniques developed for x-ray radiog- frequency and number of exams and limiting exams to 
raphy (and in particular x-ray mammography) are detailed patients haying a minimmn rec ommended age. Conven- 
* tional and unconventional (including CT and stereotactic) 
Two aspects of traditional radiographic x-ray imaging, ^ imaging techniques have been developed for x-ray mam- 
spectrum optimization and scatter rejection (or reduction), mography with the goals of improving image contrast reso- 
are of particular concern in specialized fields such as mam- lution and improving detection of disease while lowering 
mography and angiography. A variety of point, slit, and slot patient risk and exposure. 

scanning systems have been designed to optimize the spec- In x _ ray mammography it is desirable to use a range of 
trum and scatter reduction, and special filters have been 30 x _ ray (electromagnetic) energies that will enhance the radi- 
employed to shape the source spectrum for both mammog- ologists' ability to differentiate normal from diseased tissue 
raphy and angiography. See, R. Nelson, Dissertation, "High w ^ e limiting patient radiation dose to tolerable levels. 
Resolution Slit Scan Techniques for Digital Radiography", Unfortunately, in general, the use of such an x-ray energy 
Department of Radiological Sciences, University of range resu lts in scattered x-ray photons comprising a sig- 
Caiifornia, Los Angeles (1986). For example, in the case of 35 n ifi can t fraction of the transmitted beam. Additional prob- 
dual-energy k-edge subtraction angiography, the desire for a lems can arise due to the energy- dependent filtering action 
very narrow bandwidth intense x-ray beam resulted in the of a breast wnen a broad band mamm0 graphy x-ray source 
replacement of a conventional x-ray tube source with an is ^d ( ie< beam hardening). Both x-ray scatter and beam 
approximation to a pulsed x-ray laser source: a synchrotron. hardening problems can be reduced by compressing the 
E. Rubenstein, et al., SPIE vol. 314, Digital Radiography 40 breast to be im a g e d (which also helps reduce patient motion 
(Sept. 14-16, 1981). The use of a highly directional, narrow problems) while additional scatter reduction can be obtained 
bandwidth, slit scanning beam from a synchrotron (a source by an air gap and a f ocused x _ ray gn d (collimator). If 
of potentially very short pulses on the order of tens of the breast is sufficiently compressed, a focused grid need not 
picoseconds, see N. Schwentner, et al, Nuclear Instruments be used at all . Both the air gap and the focused grid function 
and Methods vol. 167, p.499-503 (1979)) presented oppor- 45 as spatial filters> although the angular selectivity of the grid 
tumties to achieve additional scatter reduction. is relatively poor compared to what can be implemented in 
Although it is difficult to exploit radiation beam properties the optical realm (due in part to the energy range in which 
such as polarization and coherence for scatter reduction at the grid is used and the angular distribution of the unfocused 
radiographic energies (typically above 15 Kev), it is possible x-ray source). The size of the air gap cannot be too large due 
to consider employing energy — selective, angle -selective, 50 to magnification effects. The use of air gaps and grids 
and time-of-flight (TOF) methods to limit large angle scatter represent conventional, widely practiced methods for 
and small angle scatter contributions (including contribu- improving image quality when a broad energy bandwidth 
tions from multiple-scattered photons which emerge with a relatively large area x-ray beam is used in clinical mam- 
direction vector similar to that of the unscattered transmitted mography. 

beam) to the image spatial contrast resolution and signal- 55 The use of (preferably) narrow bandwidth, time-resolved 

to-noise ratio (SNR). The importance of utilizing all three or TOF imaging systems in x-ray mammography in a 

methods in an imaging system has been understood by clinical setting is still impractical due to the lack of an 

researchers in the field of positron emission tomography. See affordable sufficiently brilliant pulsed source (synchrotrons 

J. Llacer, et al., 1 IEEE Trans. Nucl. Sci. NS-20, p. 282-293 are relatively expensive) and the lack of an inexpensive 

(1973). In addition, the principle of TOF has been exploited 60 gated detector capable of high contrast resolution and effi- 

in the field of medical ultrasound for many years. ciency (film-screen receptors are not sufficient and are still 

Mechanisms which can provide additional scatter rejec- dominant in clinical mammography). Rationalizing the use 

tion in a radiographic imaging system can be used either to of such expensive equipment to lower the cost of an expen- 

enhance the image contrast resolution or alternatively to sive angiographic procedure is far easier than rationalizing 

allow expansion of the beam size from a slit to a slot or area 65 the same for mammography, a mass-screening examination 

beam (thereby reducing image acquisition time) while main- which is relatively inexpensive. If a TOF system could be 

taining an acceptable level of image contrast resolution. implemented for x-ray mammography then a primary limi- 
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tation on acquisition time (other than exposure to x-rays) is 
patient motion, i.e. the image or image segment must be 
acquired before patient motion affects the image and thereby 
becomes a problem. The integrated x-ray fluence require- 
ments will be the same whether integration is over one 
intense short pulse or a rapid sequence of many weak short 
pulses. The power per pulse (for a single intense pulse or a 
rapid sequence of weak pulses) is not likely to be of concern 
at mammography x-ray energies since a tolerable fraction of 
unscattered photons are transmitted for the case of a typical 
compressed breast. Contrast this with TOF optical mam- 
mography imaging problems. In the case of TOF optical 
imaging attempts to image the unscattered component of the 
optical beam transmitted through a typical compressed 
breast, within the time constraints imposed by patient 
motion, could pose a radiation safety risk (e.g. burns). 

Although a cost-effective, narrow bandwidth TOF x-ray 
mammography system is not available, it is still desirable to 
implement optimized beam filtration and scatter reduction 
techniques. A common approach to limiting transmitted 
scatter is to reduce the area of the x-ray beam. Given time 
constraints for image acquisition (patient motion and 
exposure) and limitations on the heat or electrical current 
capacity of the x-ray tube as well as the tube focal spot 
distribution, a slit or slot scanning format may be acceptable. 
Ideally, the size of the slit or slot would be appropriate for 
the thickness (and material composition) of the breast being 
imaged. The range of x-ray energies commonly used in 
film-screen mammography primarily exhibit two scattering 
mechanisms: Rayleigh or coherent scattering (elastic scat- 
tering without energy loss) and Compton scattering 
(inelastic scattering). See Radiologic Health Handbook p. 
133 and 438, U.S. Department of Health, Education, and 
Welfare (January 1970); and see W. Veigele, Atomic Data 
Tables Vol. 5, p. 51-111 (1973) (for coherent and incoherent 
scatter cross-sections for hydrogen, carbon, nitrogen and 
oxygen see pages 66-69). For the range of energies used in 
x-ray mammography coherent scatter can comprise a sig- 
nificant fraction of the total scatter component of the trans- 
mitted x-ray beam reaching the detector. The affect on the 
resultant image appears to be a reduction of contrast and 
SNR. See P. Johns, et al, Med. Phys. 10(1), p. 40-50 (1983); 
and H. Barrett, et al., Radiological Imaging, vol. II, p. 
631-635 (1981) (scatter point spread function). It should be 
noted that Rayleigh scattering is the primary concern when 
using visible and near-infrared wavelengths. See A. 
Ishimaru, Wave Propagation and Scattering in Random 
Media, vol. 1, p. 18 (1978). The Rayleigh or coherent 
component of x-ray scatter is typically small-angle scatter 
(although the coherent scatter peaks at an angle which 
appears to be much larger for x-ray mammography than for 
optical mammography). 

An x-ray mammography TOF technique would ideally 
allow separation of unscattered x-ray photons from scattered 
x-ray photons (i.e. small angle scattered and large angle 
scattered (including multiple scattered x-ray photons which 
exit from the breast aligned with the unscattered beam)). 
Breast compression would still be very desirable because the 
contribution to the detected signal from the unscattered 
component is diminished exponentially with increasing 
breast thickness. A compressed breast or breast region also 
ensures that the tissue volume being imaged is of uniform 
thickness. A uniform thickness reduces the need for an 
extremely large detector dynamic range (which is a problem 
for mammography film-screen detection systems) and tim- 
ing difficulties related to initiating gating in a TOF system. 
Image degradation from x-ray scatter remains a problem for 
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clinical x-ray mammography imaging systems. Small angle 
scattered x-rays degrade the desired image far less than large 
angle scattered x-rays. In addition, the information content 
of small angle scattered x-rays could be potentially useful 
since these x-rays may sample a tissue volume which is 
similar to the desired tissue volume. The information content 
of small angle scatter x-ray can be enhanced if the tissue 
volume which can be sampled by all or part of the detected 
beam is restricted (for example by compressing the breast or 
limiting the size of the incident x-ray beam). 

A perceived advantage of a TOF technique can be added 
to an x-ray mammography system design if large angle 
scatter (which is primarily Compton scatter) propagating 
approximately along the unscattered x-ray beam direction 
can be removed. This can be accomplished in part if a 
narrow bandwidth directional source is used, if a detection 
system offers energy-dependent directional discrimination 
capabilities, and if the beam-aligned Compton scattered 
photons have lost sufficient energy to be rejected by the 
detector. At mammography x-ray energies this condition is 
most likely to occur if photons undergo multiple Compton 
scattering. See H. Barrett, et al., Radiological Imaging vol. 
I, p. 321 (1981). The energy -dependent directional discrimi- 
nation capability of the detector can also be used to remove 
part of the Compton or the Rayleigh scatter component 
which emerges from the breast with too large an angle with 
respect to the unscattered beam direction. See Nelson, et al., 
U.S. Pat. No. 4,958,368; and Nelson, et al, U.S. Pat. No. 
4,969,175. If energy discrimination is not available, then 
spatially limiting the size of the x-ray beam becomes more 
important since this reduces the x-ray cross-talk contribution 
from adjacent tissue volumes to the unscattered x-ray photon 
beam exiting the breast. 

Before leaving the topic of x-ray radiography it is useful 
to review additional x-ray imaging techniques capable of 
providing three dimensional information. In one case x-ray 
fluorescence was used to measure iodine concentration in 
thyroids. See H. Barrett, et al. Radiological Imaging vol. II, 
p. 661-662, (1981). Computed tomography (CT) enhances 
the available data set by acquiring projections from many 
directions, permitting three dimensional information to be 
synthesized from two dimensional data sets. Tomography, 
the poor-mans* CT, provides an image of a specific layer of 
a body part with (preferably) minimum distortion from the 
surrounding layers. Recently classical film-based tomogra- 
phy has been modified to include a digital acquisition 
system. Data from multiple angled projections can be com- 
bined to synthesize (by tomosynthesis) a three dimensional 
image. See H. Barret, et al. Radiological Imaging, Vol. 2, p. 
368-370 (1981). Also see D. Nishimura, et al, SPIE vol. 
314, Digital Radiography, p. 31-36 (1981); and J. Liu, et al, 
IEEE Trans Medical Imaging, Vol. 8, No. 2, p. 168-172, 
1989). Although scatter reduction is considered desirable for 
typical transmission radiography applications, there are 
many techniques where x-ray scatter, including backscatter, 
has been used for imaging and densitometry. See J. Battista, 
et al, Phys. Med. Biol, vol. 22(2), p. 229-244 (1977); and 
(A. Jacobs, et al, SPIE vol. 206, p. 129-134 (1979) 
(backscatter imaging). Given the right conditions at least a 
fraction of the scattered x-rays can carry useful information. 

The ability to limit the level of photon scatter and photon 
scatter distribution in a detected beam is important for 
optical mammography imaging as well as x-ray mammog- 
raphy. In optical mammography the maximum breast thick- 
ness for which a transmitted signal resulting from unscat- 
tered photons can be detected is dramatically less than for 
x-ray mammography. This implies that for a typical com- 
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pressed breast there is little benefit gained from using optical 
photon pulses which are shorter than some minimum tem- 
poral width since practically all of the optical photons 
exiting along the desired direction are scattered. This does, 
not mean, however, that a TOF technique utilizing only 
unscattered photons could not be used for a sufficiently thin 
subject. See M. Duguay, et al., Applied Optics, vol. 10, No. 
9, p. 2162-2170 (1971). The scale of this unscattered optical 
photon beam problem is readily apparent if one considers 
the work of early researchers concerned with optical propa- 
gation in blood, in particular the scatter cross-section and the 
mean cosine of the forward scatter component as a function 
of wavelength. See C. Johnson, IEEE Trans. Bio-Medical 
Engineering, vol. BME-17, No. 2, p. 129-133 (1970); and 
G. Pedersen, et al., Biophysical Journal, vol. 16, p. 199-207 
(1976). As is the case for x-ray mammography, beyond some 
thickness of breast in order to generate a desired image (with 
adequate photon statistics) using optical photons with "opti- 
mal 5 ' information content the amount of energy absorbed by 
the breast being imaged becomes unacceptable. The imaging 
technique must be modified. In conventional x-ray mam- 
mography the x-ray tube potential might be increased and 
the x-ray receptor could be changed (e.g., 
Xeromammography). The compromise involves imaging 
with x-ray photons energies which will provide less than 
optimal information content (about absorption in tissue) in 
exchange for an acceptable patient dose. 

For optical mammography imaging a modified TOF tech- 
nique could be used to limit contributions from scattered 
photons which have sampled tissue outside the tissue vol- 
ume of interest. The objective is to try to maximize the 
relevant information content of the imaged scattered photons 
which could help characterize the tissue volume which is 
being examined. See J, Maarek, et al., Med. & Bio. Eng'g 
& Com., p. 407^13 (July 1986). The drawback of allowing 
a longer flight time for photons is that the distribution of 
possible paths for the imaged photons and the acceptable 
angular distribution of the exiting imaged photons also 
increases. Unfortunately, in the optical case, the capability to 
filter photons which follow inappropriate paths is minimal 
(i.e., there is minimal spectral discrimination). Undesirable 
scatter contributions can be reduced by spatially limiting the 
size of the optical beam and using collimation which pro- 
vides angular selectivity (which is also implemented in x-ray 
mammography). 

Another problem for optical mammography imaging is 
that entrance and exit surfaces of the object to be imaged 
(i.e., skin surfaces) are typically not smooth. Optical photons 
can be greatly affected by the surface structure of the skin 
whereas x-ray photons are relatively insensitive to skin 
surface conditions. An optical coupling fluid or gel can help 
reduce the effects of an irregular skin surface. See U.S. Pat. 
Appln. Ser. No. 08/480,760, filed June 1995. Optical prop- 
erties such as polarization (which is relatively impractical to 
utilize in x-ray mammography) may also be exploited. The 
ability to reduce degrading effects of optical scatter can be 
of benefit for other time-resolved techniques and is not 
limited to the TOF approach. 

In recent years, broad beam light sources (sometimes 
referred to as "light torches") having a relatively wide 
spectral bandwidth in the visible and near-infrared range 
have been used for breast imaging. Broad beam light trans- 
mitted through a breast is typically recorded by a video 
camera and viewed on a video monitor or analyzed by a 
computer. However, the ability to discriminate between 
various types of tissue in a breast via this technique is 
reduced since the transmitted beam has a wide spectral 
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bandwidth and the captured radiation is largely comprised of 
scattered radiation (i.e. contrast is lost). Light may be 
absorbed, transmitted, scattered, and reflected to different 
degrees by various types of tissue making it difficult to 

5 extract information about the nature of any tissue. Detection 
limits for this technique have generally been restricted to 
lesions which are no smaller than what a physician can 
detect by palpitation. Therefore, this technique is not par- 
ticularly advantageous and has fallen out of favor in the 

1Q United States. 

As the present applicants described in now issued U.S. 
Pat. Nos. 4,649,275, 4,767,928, 4,829,184, 4,948,974, and 
pending patent application Ser. No. 08/480,760, filed Jun. 6, 
1995, a collimated (i.e. focused) continuous wave (CW) or 

15 rapidly pulsed light (i.e. non-ionizing electromagnetic radia- 
tion including near-ultraviolet, visible, infrared, microwave, 
etc.) source of narrow spectral bandwidth (such as is gen- 
erated by a filter lamp, LED, laser, a waveguide, a phased 
array, etc.) can be used to produce a beam or a number of 

20 beams of light having relatively small spatial dimensions 
appropriate for acquiring images of a breast with high spatial 
contrast resolution. The narrow spectral bandwidth of the 
beam, along with other beam parameters (such as 
polarization, directional qualities or angular distribution, 

25 etc.) enable improved characterization of the composition of 
the breast material being imaged. Additional information 
can be obtained by acquiring images at other wavelengths 
with narrow spectral bandwidths (and/or other modifications 
to beam parameters). 

30 For transmission imaging it is preferred that the light 
source be positioned on one side of the breast and a receiver, 
such as a photodetector (radiation detector), be positioned 
on the opposite side to record transmitted light. For back- 
scatter imaging the photodetector will be on the same side of 

35 the breast as the source. As is shown in FIGS. 1 and 2, in 
many instances it is preferred that the breast be compressed 
between compression plates, flattening (or shaping) the 
entrance and/or exit surface(s) while reducing the typical 
distance the radiation must travel before exiting the breast 

40 and being detected. An additional benefit is that the region 
being imaged tends to be of a more uniform thickness when 
compression plates are employed. 

The type of optical (radiation) source (CW, modulated 
CW, pulsed, etc.), as well as other possible properties such 

45 as beam coherence, wavefront phase, polarization, angular 
and spectral distribution (the source may be tuneable), are 
altered by absorption and scattering as the beam propagates 
through the breast and plates. The radiation exiting the 
breast can be analyzed using various forms of external 

50 collimation such as air gaps, focused lenses (single lenses, 
lens combinations, holographic or diffractive lenses, etc.), 
narrow spectral bandwidth filters, directionally-sensitive 
filters, narrow spectral bandwidth and directionally- 
sensitive filters (for example, multilayer films, 

55 interferometers, etc.), polarized filters, amplifiers (including 
nonlinear amplifiers), optical shutters and mechanical 
apertures, holographic or diffractive spatial filters as well as 
acousto-optic devices which exhibit high angular sensitivity, 
fiber optics and amplified fiber optics, light pipes, 

60 waveguides, masks, focused arrays, etc. 

Image resolution can be influenced by adjusting the 
cross-sectional area of the optical beam(s). The advantage of 
using a radiation beam of relatively small dimensions (cither 
its two dimensional area cross-section which is typically 

65 defined as being normal to the beam axis or three dimen- 
sional volume cross-section in the case of a short pulse or a 
source with a short coherence length) is the ability to limit 
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single and multiple scatter cross-talk contributions to the 
measured signal from neighboring tissue volumes. A number 
of factors such as the thickness of tissue, the uniformity of 
the region being imaged, the scatter reduction mechanisms 
employed, whether a time-resolved or diffusive -wave opti- 
cal technique is implemented, etc., influence acceptable 
beam dimensions. For example, in a practical imaging 
system, there are almost no unscattered (ballistic) photons 
for thicknesses of breast tissue greater than a few centime- 
ters. The ability to exploit minimally scattered photons (the 
snake component) and extend the acceptable range of tissue 
thickness is limited. The implication is that the utilization of 
breast compression is highly advantageous when making use 
of the snake component when imaging a typical breast. An 
additional drawback is the increased cross-talk within the 
beam relative to what can be achieved with a time-resolved 
technique (such as TOF) which successfully records only 
ballistic photons. Thus, if the snake component is utilized for 
optical imaging it is beneficial to use a smaller beam 
cross-section in comparison to the case in which optical 
imaging involves only the ballistic component. 

The electromagnetic properties of various normal and 
diseased breast tissues may exhibit wavelength dependence. 
Thus, acquiring images at different wavelengths of light as 
well as examining the effects of tissue on other electromag- 
netic parameters (e.g., direction vector, polarization, phase, 
amplitude, temporal profile, coherence, etc.) may aid in 
distinguishing between various types of tissue. High reso- 
lution images may be obtained with a variety of scanning 
techniques: FIGS. 2a and 2b show a point beam or multiple 
point beam which can be used in a raster scan format. The 
transmitted light beam can be collimated by a variety of 
means. This approach can be extended to include a single 
line or multiple line scan format as shown in FIG. 2c. High 
speed two-dimensional imaging is shown in FIG. 2d. In this 
case collimation (such as fiber-optics or light pipes) can be 
introduced into one or both compression plates. FIG. 3 
shows a (patterned) mask collimator which can be used to 
generate multiple beams. In all cases collimation may be 
used to produce a beam or beams of relatively small cross- 
section and directional nature. These attributes can be used 40 
to help exclude unwanted scatter in the detected beam. 

If two or more sources providing light beams of differing 
wavelengths (i.e., and "k^ are spatially separated as 
shown in FIG. lb, then narrow spectral bandwidth filters can 
be used between plate B and the detectors for each wave- 
length such that the detector for rejects light of wave- 
length X 1 which is scattered into the path of the beam. In 
this case the spectral filter functions as a collimator, rejecting 
a component of the transmitted beam which can only be 
attributed to scatter. By positioning source 1 (for 7^) adja- 
cent to source 2 (for the scatter contribution from source 
1 into itself (near the boundary with source 2) can be 
estimated by measuring the component at the location of 
source 1. This assumes that radiation of wavelengths X t and 
X 2 have similar scattering and absorption properties for the 
type of tissue being imaged. Another technique is to have 
sources 1 and 2 incident at the same location, but source 2 
would be tilted with respect to source 1. If source 1 and 
source 2 have the same properties, then source 2 should be 
pulsed at a distinctly separate time relative to source 1 being 
pulsed (use a temporal offset) to help minimize beam 
cross-talk. The source 2 component measured at the location 
of the source 1 detector can be used to estimate a scatter 
correction in some instances. This measurement could, 
taking a different perspective, also be attributed to a new 
(virtual) beam which was created at a greater effective depth 
than source 1. 
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Thus, one approach to estimating scatter corrections or 
contributions is to use two sources with different wave- 
lengths. Another technique is to use two sources with 
different polarizations (or simply alter the polarization of a 
single source) and acquire two measurements at different 
times. The source 1 detector can be used as a second detector 
or a separate detector can be employed. If a beam splitter can 
be used to separate the exiting beam (transmitted and/or 
backscattered) into two parts (or separate the exiting beam 
components directly) then two detectors can be used to make 
simultaneous measurements of the beam components. 

Optical (non-ionizing radiation) tomography utilizing a 
collimator can be employed in a variety of fashions. For 
example, as shown in FIG. 6, an object, such as a breast 30 
may be imaged by a source of radiation 32 generating a one 
or two dimensional radiation beam, a detector 34, and a 
collimator 36 disposed between the source 32 and the 
detector 34. In this way multiple two dimensional images 
may be obtained simultaneously, thereby providing a three 
dimensional image of the object. For example, as shown in 
FIG. 7, a line source 42 or linear array of point sources may 
irradiate the object to be scanned such as a breast 44. 
Transmitted radiation then passes through a collimator 46, 
and then is detected by a detector 48, such as a two 
dimensional array of detectors, or a camera. FIG. lib shows 
an arrangement similar to that shown in FIG. 7 but the 
stationary collimator of FIG. 7 is replaced with a recipro- 
cating collimator. 

An optical structured (patterned) collimator (see FIGS. 3 
and 4) such as a fiber optical bundle, mask or honeycomb - 
like device introduces its own transfer function into the 
transfer function of the imaging system (which includes the 
source and its collimator, the detector and its collimator, and 
the optical properties of the breast). Thus, the signal 
recorded by the detector(s) represents the superposition of 
all elements of the imaging chain. In addition, a fiber of the 
fiber bundle may be seen by more than one detector element. 
The adverse effects of an optical structured post-collimator 
pattern (such as a fiber bundle) on image quality can be 
reduced by moving the optical structured (patterned) colli- 
mator in a reciprocating fashion in front of the detector (See 
FIG. &a, lib). 

Active collimation (in which the subject is modified rather 
than the optical beam in order to achieve scatter reduction) 
can be implemented by using compression plates to com- 
press the region of the breast which is to be imaged. This 
reduces the effective volume of tissue a photon is likely to 
sample (and thus suffer additional scatter) before exiting the 
breast. The use of active collimation can be of particular 
value when time-resolved optical imaging techniques are 
employed. A variety of time-resolved optical imaging tech- 
niques (e.g. time-of-flight, holography, heterodyne, 
homodyne, Raman amplification, etc.) in development for 
use with highly scattering media exploit temporal or phase 
properties of the radiation field. See R. Berg, et aL, SPIE Vol. 
1511, p. 397-424, (1993). For example, if the light 
(radiation) source is pulsed and the pulse length is suffi- 
ciently short, time-of-flight (TOF) imaging and analysis 
(typically based on the "ballistic" and sometimes the 
"snake" components) of the radiation field) can be 
employed. Photon diffusive wave imaging (and 
spectroscopy) techniques (also referred to a frequency 
domain or photon migration or photon density wave 
techniques) may represent an alternative to time -resolved 
optical methods. Amplitude and phase modulation (and even 
phase encoding) have been utilized for composition and 
location identification. Photon diffusive wave computed 
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tomography (CT) imaging has also been implemented. In 
addition, tomographic reconstruction techniques (several 
which make use of a reference medium) based on diffusion 
equation approximations to transport theory for thick tissue 
have been investigated. See, e.g., J, Fujimoto, 4 Optics & 5 
Photonics News 9-32 (1993); and Medical Optical 
Tomography, SPIE Vol. 1511, (1993). 

In addition, it has been disclosed that the manner in which 
radiation interacts with a medium can be altered by the 
presence of an acoustic field. See, e.g., A. Korpel, Acousto- 10 
Optics (1988); and F. Marks, et al., "A Comprehensive 
Approach to Breast Cancer Detection Using Light," SPIE 
vol. 1888 pp. 500-510, (1993). Changes in the local optical 
properties of tissue can be measured by intersecting an 
acoustic field with a radiation field (see FIG. 4). Specific 15 
implementations can provide three dimensional information. 

A problem addressed in co-pending application Ser. No. 
08/480,760, by the present inventors, is that human skin has 
an index of refraction for non-ionizing radiation signifi- 
cantly different from that of air. In addition, human skin is 20 
not smooth on a microscopic scale and may also exhibit 
irregularities on a macroscopic scale. In cases where a 
transparent compression plate used to flatten the breast at the 
entrance and/or exit points of the optical radiation beam 
makes poor optical contact with the skin, or when a com- 25 
pression plate is not used at all (see FIG. 9) then the incident 
radiation and the exit radiation will be partially reflected and 
experience additional scattering at the skin surface. A cou- 
pling material (such as an appropriate gel or liquid) can be 
used to reduce the index of refraction mismatch between the 30 
skin and the adjacent medium (such as air or a compression 
plate). See co -pending application Ser. No. 08/480,760, by 
the present inventors. 

In addition, breasts are non-homogenous objects which 35 
lack uniform physical dimensions. The thickness of breast 
tissue over a region to be imaged may not be consistent. If 
time-resolved optical imaging techniques arc employed 
(e.g., used in heterodyne detection, TOF, holography, etc.), 
then the optical flight time between source and detector 4Q 
(typically a fixed distance apart) depends not only on the 
types of tissue encountered as radiation passes through the 
breast, but also on the total thickness of tissue the light must 
traverse. A compression plate (enabling shaping a region of 
the breast) and/or a coupling material can be used to reduce 45 
variations in path length. 

A further improvement may be the use of optically 
absorptive materials on parts of the compression plate(s) in 
order to reduce the level of scatter which could ultimately 
reach the detector by re-entering the breast. Materials can 50 
also be selected on the basis of their acoustic properties if 
appropriate. 

There may be disadvantages associated with imaging 
from a single direction, which has traditionally produced the 
familiar projection image common in x-ray radiography. 55 
Computed tomography (CT) enhances the available data set 
by acquiring projections from many directions, permitting 
three dimensional information to be synthesized from two 
dimensional data sets. By coupling a collimated beam into 
the breast (preferably with compression plates or modified 60 
compression plates) over a range of angles, angled trans- 
mission and backscattered images can be acquired. The data 
from these multiple projections can be combined to synthe- 
size a three dimensional image (similar to "tomosynthesis" 
which is practiced in x-ray radiography). If the tissue 65 
volume of interest contains contrast-enhancing materials or 
materials which can be detected through emission fluores- 
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cence or Raman scattering (see, J. Wu, et al., Applied Optics 
Vol. 34, p. 3425-3430 (1995)) or Doppler effects, then the 
use of multiple collimated angled beams may improve 
localization capabilities. The angled transmission and back- 
scatter measurements can also be made in conjunction with 
an intersecting acoustic field. 

Angled incident beams or adjacent parallel beams have 
been used to provide a measurement for an estimated scatter 
correction in the collimated output. The radiation scattered 
in the appropriate direction can also be used as a virtual 
collimated beam. This virtual beam appears to originate 
from a tissue volume different from the externally incident 
collimated beam. Multiple projections can also be acquired 
using the virtual collimated beam data. Virtual collimated 
beam information can also be used to enhance the tomo- 
synthesis image based on the collimated optical beam data. 

The advantages of using compression plates were 
described earlier. In some instances it may be beneficial to 
modify the design by providing an open area in the com- 
pression plate where only air or a coupling fluid/gel are in 
contact with the skin surface of the area to be imaged. The 
region of the breast in the open area will still be of a 
relatively uniform thickness. Such an open area can be 
implemented for one or both plates. An open area compres- 
sion plate can be used with the previously discussed optical 
and acousto-optical imaging techniques, and also to couple 
acoustic radiation into the compressed breast. The effect of 
this acoustic radiation beam (which can be tilted manually or 
electronically if desired) on tissue can be observed with an 
intersecting optical beam (which can also be tilted if 
desired). In addition, acoustic imaging techniques benefit 
from compression since tissue thickness over a region can be 
reduced significantly. The concepts of multiple transmitted 
and backscattered collimated angled optical beams, virtual 
collimated optical beams, and tomosynthesis can now be 
extended to include acoustic radiation beams. 

Compression plates, with or without an open area, reduce 
the effective volume of tissue which needs to be evaluated 
and therefor can be useful for uncollimated sources and 
receivers as well as the collimated designs we have dis- 
cussed. Thus, compression plates can be used to an advan- 
tage for conventional uncollimated diffuse and diffusive 
wave optical or acoustic (or acousto -optic) imaging tech- 
niques. 

A new device and/or mode of imaging breasts using 
optical, acousto-optical, and acoustic non- ionizing radiation 
imaging techniques is needed to improve image quality and 
tissue characterization accuracy. Particular problems which 
need to be addressed are the thickness of a typical breast for 
optical, acousto- optical, and acoustic data acquisition, the 
need for improved radiation coupling into and out of the 
breast, the desirability of sampling volumes of uniform 
thickness, the need to enhance the information content of 
detected radiation, and the desirability of sampling a tissue 
volume from more than one direction. 

Prior devices and methods do not address these concerns. 

SUMMARY OF THE INVENTION 

The present invention is a device and method which 
address the problems of the prior art. These problems are 
addressed through the use of compression devices, radiation 
coupling materials, various collimation techniques, various 
types of sources, and the use of multiple collimated angled 
beams (including normal incidence). 

The present invention comprises an apparatus and method 
directed to enhancing the image obtained from a high 
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resolution breast imaging device utilizing nonionizing radia- 
tion having a narrow spectral bandwidth. In addition, the 
present invention addresses the problems associated with 
acquiring image data from a single perspective (such as 
normal incidence) or at a constant initial depth (the surface 
of the skin). Modified compression plates and optical 
(radiation) coupling materials (e.g., a fluid such as water or 
a gel) can be used to ensure efficient coupling of a collimated 
beam into and out of the breast. An acoustical system can be 
combined with compression plates and/or optical scanning 
to provide additional tissue information. 

The present invention utilizes a collimated light 
(radiation) source of narrow spectral bandwidth (such as 
generated by a laser, waveguide, phased array, etc.) to 
produce a beam or a number of beams of relatively small 
spatial dimensions which, in turn, are used to obtain images 
of a breast with high spatial resolution. The radiation source 
requirements may range from a continuous (CW) to a 
rapidly pulsed source. If the source produces a beam with a 
sufficiently short pulse (or coherence length), then the beam 
can be relatively small in three spatial dimensions instead of 
two spatial dimensions (typically regarded as the beam 
cross-section normal to the beam axis). The rate at which a 
source is pulsed should preferably be rapid enough to ensure 
that an adequate integrated signal is detected before patient 
motion becomes a problem. However, the energy per pulse 
should preferably not be so high as to violate radiation safety 
guidelines. Additional features of a source might include 
being frequency-tuneable, being polarized, having a 
CW-modulated, coded or complex waveform, etc. 

The breast to be imaged is preferably compressed. 
However, the compression plates used to compress the 
breast need not be of the same size and one or both plates can 
be fixed or mobile. Greater compression (reduction in opti- 
cal path length) is possible if a small area of the breast is 
compressed rather than compressing the entire breast at once 
(which is typical for traditional x-ray mammography). It is 
possible to contour one or both plates in order to obtain 
additional compression beyond that expected from a reduc- 
tion in plate size alone while reducing patient discomfort 
associated with breast compression. The compression plate 
or plates can be modified to include an open region which 
would provide improved access to the surface of the breast. 
The use of a compression plate(s) can be considered to be a 
form of active collimation in which the subject is modified 
in order to improve the quality or information content of the 
detected radiation beam. As is described above, a reduction 
in optical (radiation) path length by reducing the effective 
scatter volume aids in scatter reduction, improves image 
sensitivity, and reduces the power requirements of the opti- 
cal source. Therefore breast compression is preferable when 
a collimated optical source is employed. Compression is 
particularly useful if time -resolved optical methods (e.g., 
TOF, including the use of ballistic and/or snake-like 
components, holography, Raman-amplification, 
heterodyning, homodyning, etc.) are implemented since the 
thickness of a typical breast may otherwise represent a 
severe drawback. Diffusive wave imaging techniques will 
also benefit from a reduction in path length. 

The present invention can also utilize an optical coupling 
material, such as a liquid or gel, to improve radiation 
coupling between air or compression plate and the skin 
surface of the subject breast. The coupling material can also 
aid in the dissipation of heat from the region being irradiated 
and function as a lubricant for components that might slide 
over the breast. An optical coupling material (with appro- 
priate index of refraction and/or scattering properties) can 



12 



35 



40 



45 



50 



also be used to minimize discrepancies in the path length 
differences due to non-uniform tissue thickness over a 
region of interest. This is particularly important for tech- 
niques which utilize phase or temporal properties of the 
radiation field, such as pulsed radiation which is evaluated 
by utilizing TOF analysis. The detector unit in a TOF 
acquisition system has the capability of ignoring all but a 
segment of the exiting radiation pulse (typically by employ- 
ing a chopper such as a Kerr cell or electronically through 
the use of a gated detector such as an intensified camera, a 
photomultiplier tube or a streak camera). Optical coupling 
materials can be chosen on the basis of their absorptive 
properties as well as their index of refraction and scattering 
characteristics, thereby potentially providing preferential 
scatter reduction of radiation which travels a longer total 
path through the absorptive optical coupling material. 

The present invention relates to imaging breasts using 
optical, acousto-optical, and acoustic non-ionizing radiation 
imaging techniques which will improve image quality and 
tissue characterization accuracy. The present invention also 
relates to imaging breasts using multiple collimated angled 
beams (including normal incidence). Virtual collimated 
radiation beams can be generated from the multiple colli- 
mated angled beams and also used for imaging and/or image 
enhancement. Since the source requirements can range from 
CW to pulsed, conventional optical collimation techniques 
as well as time -re solved, dilfiisive wave, etc., optical meth- 
ods can be used to evaluate the angled collimated beams and 
the virtual collimated beams. Multiple two dimensional 
images can be acquired for transmission and backscatter 
angled and virtual collimated beams. Three dimensional 
image information can be synthesized from the multiple 
angled collimated beams data, the multiple virtual colli- 
mated beams data, or an appropriate combination of the two 
sets of data. The use of multiple angled and virtual colli- 
mated beams can enhance the capability of an imaging 
system to localize the presence of materials which can be 
recognized from emission fluorescence, Raman scattering, 
or Doppler effects. Collimation requirements can vary from 
highly collimated to weakly collimated depending on the 
application. For example, a weakly collimated detector 
might comprise a conventional detector coupled to a surface 
of a breast by a large core optical fiber, permitting accep- 
tance of photons with a wide range of direction vectors while 
still limiting the optical field of view or area of the breast 
surface which is observed. Such weak collimation is useful, 
for example, for measuring diffuse radiation. 

The present invention also relates to acquiring additional 
information about tissue characteristics by intersecting an 
acoustic radiation field with an optical radiation field used to 
image the tissue. 

The present invention also relates to improvements to 
compression plate design such that one or both plates have 
an open region adjacent to the skin surface. This open region 
typically allows air and/or a coupling fluid/gel to be in 
contact with the skin surface. Radiation from an acoustic 
source can also be coupled into and out of the open region 
(s), enabling compression transmission and backscatter 
(reflection) acoustic image data and acousto-optic image 
data to be acquired as well as optical image data. A con- 
ventional acoustic transducers) can be used to readout the 
exiting acoustic field. Ideally, the coupling fluid/gel would 
be appropriate for acoustical and optical coupling. In 
addition, optically absorptive coatings can be used to cover 
parts of a plates and so prevent unwanted scatter from 
reaching the detector. Acoustically absorptive coatings can 
be utilized when appropriate. Adeformable mirrored deflec- 
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tion plate (similar to that employed in a scanning laser 
acoustic microscopy i.e., or SLAM) or reflective surface or 
elastic layer can be used to readout the acoustic waveform 
at the exit surface (which may also be the entrance surface). 
Such a deflection plate or surface could be integrated into a 
compression plate. One possible design is to use a deform- 
able mirror coating which is reflective at the readout beam 
wavelength but transmissive at wavelengths used for optical 
imaging. The deflection plate or surface itself could function 
as an acoustic source or detector if it was made from a 
piezoelectric material such as a piezoceramic, a 
piezocomposite, or a piezopolymer such as polyvinylidene 
difluoride or PVDR See SPIE vol. 1733 (F. lizzi, ed., 1992); 
and G. Kino, Acoustic Waves: Devices, Imaging, and Ana- 
log Signal Processing (1987). 

The combination of an open compression plate (recall that 
the compression plates need not be the same size) with an 
elastic or flexible layer of material across the opening can be 
thought of as a compression imaging bladder for optical, 
acousto-optical, and acoustic imaging. The rigid walls of the 
plate enable compression over a specific region while the 
layer provides a uniform interface and good contact with the 
skin surface or an intermediate coupling fluid. Such a 
compression imaging bladder provides the same benefit that 
an open compression plate offers of immobilizing a region 
of the breast and thus limiting the effect of patient motion. 
The compression imaging bladder also promotes a uniform 
thickness of coupling fluid/gel with tissue (ensuring that 
gaps or discontinuous regions of the breast surface are filled) 
over the imaging region while minimizing motion of the 
fluid/gel. A simple variation of this design allows a flexible 
bladder unit (which can be referred to as a an imaging 
bladder) to be inserted into the opening of the compression 
plate(s) rather than using a thin layer fixed to the compres- 
sion plate(s). A source, a receiver, or both can be incorpo- 
rated into this imaging bladder unit just as they could be 
incorporated into the compression imaging bladder. If the 
imaging bladder can be sealed and pressurized (providing 
relatively rigid walls), then compression can also be 
obtained by using only the imaging bladder without the 
compression plates. The compressive force is now applied to 
the frame of the imaging bladder rather than the compres- 
sion plates (see FIG. 20). The compressive force can be used 
to push the bladder forward which will compress the breast 
or hold the bladder in place while the sealed unit is pres- 
surized thereby compressing the breast. Thus the imaging 
bladder is modified into a variation of the compression 
imaging bladder. We shall refer to both compression imag- 
ing bladder and imaging bladders as bladders. 

The present invention also relates to imaging using com- 
pression plates, with or without an open area, in conjunction 
with weakly collimated sources and receivers. Thus, com- 
pression can be used for conventional diffuse and diffusive 
wave optical or acoustic (or acousto-optic) imaging tech- 
niques. 

DESCRIPTION OF THE DRAWINGS 
FIG. la is a perspective view of a breast being com- 
pressed between two compression plates. The compression 
plates are preferably transparent to the light (radiation) , 
wavelengths to be used to image the breast. For illustrative 
purposes, the size of the plates is preferably similar to those 
used in conventional x-ray mammography. However, plate 
size can be reduced to permit imaging of small sections of 
a breast. , 

FIG. lb shows a perspective view of FIG. la wherein one, 
two or more point, line, or two-dimensional sources, each 
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source emitting collimated light (radiation) of a distinct 
wavelength, is/are moved parallel to the surface of a com- 
pression plate. A detector corresponding to each source 
moves in synchrony with its corresponding source parallel to 
the surface of a second plate. Analog signals from the 
detector(s) can be digitized and stored in computer memory 
for display, processing and/or analysis purposes, 

FIG. 2a shows a cross-sectional front view of a collimated 
pencil beam used in a raster scan format from a point source, 
through a breast compressed by two compression plates, and 
to a detector. The detector may also use post-collimation to 
help minimize detection of scattered light (radiation). Col- 
limation techniques for scatter reduction can include air 
gaps, fiber optics, light pipes, masks, polarized filters, nar- 
row spectral bandwidth filters, directionally sensitive filters, 
holographic or diflractive filters which exhibit high angular 
sensitivity, focused lenses, waveguides, focused arrays, or 
mechanical apertures. 

FIG. 2b shows a cross-sectional front view of multiple 
point beams used in a raster scan format to reduce image 
acquisition time. 

FIG. 2c shows a cross-sectional front view of a collimated 
(single or multiple) line beam of light providing a line 
scanning format. The array of detectors preferably use 
post-collimation to reduce detected light scatter from the 
subject. 

FIG. 2d shows a cross -sectional front view of a parallel 
light beam used for rapid image acquisition by a two- 
dimensional detector. In this case, post-collimation is incor- 
porated into the compression plates. 

FIG. 3 shows a perspective view of a breast being 
compressed between two compression plates (as in FIG, 1) 
wherein additional plates comprise a patterned mask of the 
checkerboard-type for use as a collimator. 

FIG. 4 shows a perspective view of a breast being 
compressed between two compression plates (as in FIG. la) 
and construction of a virtual mask comprised of a matrix of 
fiber optic pipes which are spaced apart. 

FIG. 5 shows an on-axis view of the use of collimators in 
an optical computed tomography arrangement. 

FIG. 6 shows a cross-sectional view of the use of a 
collimator in optical computed tomography. 

FIG. 7 shows a perspective view of a multiple fan beam 
scanning arrangement in optical computed tomography. 

FIG. Sa shows a front view of one embodiment of the 
present invention wherein optical coupling material is used 
in breast imaging and reciprocating patterned collimators are 
used in optical breast imaging. 

FIG. 8b is a partial side view of the embodiment from 
FIG. Sa. 

FIG. 9a shows a partial side view of an embodiment of the 
use of optical coupling material and collimators in optical 
computed tomography. 

FIG. 9b shows a partial side view of a second embodiment 
of the use of optical coupling material and reciprocating 
patterned collimators in optical computed tomography. 

FIG. 10 shows an on-axis cross- sectional view of a third 
embodiment of optical computed tomography. 

FIG. 11a shows a perspective front view of a use of a 
reciprocating patterned (structured) collimator. 

FIG. lib shows perspective side view of a multiple fan 
beam scanning arrangement with a reciprocating structured 
collimator unit in optical computed tomography. 

FIG. 12 shows a cross- sectional side view of two units 
being used to collect backscattered radiation on opposite 
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sides of a breast, such that each unit collects backscattered 
radiation and transmitted radiation, permitting two sets of 
measurements to be made. 

FIG. 13a shows a front view of an embodiment of a 
contoured compression plate. 

FIG. 13b shows a front view of a second embodiment of 
a pair of contoured compression plates. 

FIG. 14 shows an embodiment of an acousto -optic breast 
imaging device. 

FIG. 15 shows an open contoured compression plate with 
absorptive coating(s) applied to certain surfaces. 

FIG. 16a shows a scanning mechanism for use with an 
open compression plate which provides efficient coupling of 
collimated radiation into the breast and additional compres- 
sion. 

FIG. 166 shows a scanning mechanism for use with an 
open compression plate which provides efficient coupling of 
angled collimated radiation into the breast and additional 
compression. 

FIG. 17 shows a compressed breast with multiple colli- 
mated angled scanning beams and virtual collimated beams. 

FIG. 18 shows an open contoured compression plate used 
in an acousto -optic imaging system. The collimated angled 
optical beam is shown interacting with a focused acoustic 
beam. Each of the two acoustic units may be used as a source 
and/or receiver. 

FIG. 19 shows an open contoured compression plate used 
with an acoustic imaging system. The transmitted beam 
from an acoustic source is shown passing through an acous- 
tically transmissive layer and coupling material and into the 
breast. The exiting acoustic field distorts the deformable 
mirrored or reflective surface of a deflection plate or elastic 
layer or sheet which is scanned by a laser beam to detect the 
acoustic pattern. The incorporation of an acoustically trans- 
missive layer and a mirrored deflection plate or elastic layer 
with shaped compression plates are examples of compres- 
sion imaging bladders (or simply bladders). 

FIG. 20 shows an open contoured compression plate and 40 
an imaging bladder. The bladder is shown as having an 
elastic layer attached to an external frame which can be used 
to provide a compressional force if needed or simply to 
ensure that the bladder and underlying breast surface are 
coupled efficiently. The elastic layer can be acoustically 45 
and/or optically transmissive. An acoustic source/receiver is 
shown as contained within the bladder/frame assembly. If it 
is sufficiently sealed, the bladder can be pressurized thereby 
providing sufficiently rigid expanding walls to compress a 
region of the underlying breast. 50 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The present invention is directed to enhancing the image 
obtained from a high resolution breast imaging device 55 
utilizing non-ionizing radiation, preferably having a narrow 
spectral bandwidth. 

The present invention utilizes a collimated light 
(radiation) source of narrow spectral bandwidth (such as 
generated by a laser) to produce a beam or a number of 60 
beams of relatively small spatial dimensions which, in turn, 
are used to obtain images of a breast with high spatial- 
contrast resolution. Source requirements can range from CW 
to rapidly pulsed and thus may include modulated (AM and 
FM are common examples), coded, and complex wave- 65 
forms. The beam size can be reduced by limiting the 
cross-sectional area of the beam (a conventional method of 



35 



optical collimation) and by limiting the temporal width of 
the beam (i.e. using a short pulse width or a short coherence 
length) and, thus, limiting its spatial extent along the direc- 
tion of propagation. The effect of reducing the cross-section 
of the optical beam is equivalent to adding a spatial filter 
since it helps to limit scatter cross-talk within the beam 
itself. Thus, a smaller "effective" volume of tissue is 
sampled from the perspective of the optical detection sys- 
tem. 

Similarly, a reduction in breast thickness via compression 
reduces the optical path length and represents another type 
of optical collimation (i.e. a smaller "ineffective" volume of 
tissue can be sampled). Compression can be described as 
active collimation in which the radiation beam parameters 
are affected or controlled by modifying the subject (in this 
case the tissue volume of interest) whereas in the case of 
passive collimation radiation beam parameters are modified 
or enhanced directly. The use of compression enables the 
image acquisition requirements to be relaxed. For example, 
a larger scan beam area or closer proximity of beams (if 
multiple scan beams are employed simultaneously) may be 
permissible during image acquisition. Because optical scat- 
tering in tissue is so severe, the relative benefit of employing 
compression for optical breast imaging is much greater than 
for x-ray mammography. Reducing the optical path length 
aids in scatter reduction, improves image sensitivity, reduces 
patient exposure, reduces the possible tissue volume being 
interrogated (increasing our a priori information about what 
is being analyzed), and reduces power requirements of the 
optical source. Therefore, breast compression is preferable 
when conventional optical collimation is employed. Com- 
pression is particularly useful if time-resolved optical meth- 
ods (e.g., TOF including use of ballistic and/or snake-like 
components, holography, Raman-amplification, 
heterodyning, homodyning, etc.) all implemented since the 
thickness of a typical breast would otherwise represent a 
drawback. Diffusive wave imaging techniques as well as 
fluorescence lifetime and even simple diffusive imaging 
techniques would also benefit from a reduction in the 
volume of tissue responsible for modifying the wave. The 
use of compression also permits the creation of a region of 
uniform thickness (desirable for time-resolved optical 
methods) and the ability to shape (typically flatten) the 
optical beam entrance and exit surfaces. Therefore, it is 
preferred that the breast to be imaged be compressed during 
imaging. 

The compression plates used to compress the breast need 
not be of the same size and one or both plates can be fixed 
or mobile. Greater compression (resulting in a greater reduc- 
tion in optical path length) is possible if a small area of the 
breast is compressed rather than compressing the entire 
breast at once. Compare, for example, FIG. 8a with FIG. 
13a. It is typical in traditional x-ray mammography to 
compress the entire breast at once. As shown by comparing 
FIG. 8a to FIG. 13a, a reduction in the size of plates 102 
permits imaging small sections of the breast 104 and, thus, 
decreases problems due to gaps 108. In one embodiment two 
small, aligned plates are moved over the breast surface, 
acquiring many small images. In another embodiment, small 
regions are scanned by positioning a large fixed plate on one 
side of the breast while a smaller plate is moved over the 
opposite side. In alternative embodiments one or both plates 
are contoured to attain additional compression (and, 
therefore, a reduction in optical path length) beyond that 
expected from a reduction in plate size alone. As is shown, 
for example, in FIGS. 13a and 13b, contouring one (FIG. 
13a) or both (FIG. 13b) plates 118 allows compression 
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beyond that expected from a mere reduction in plate size 
and, therefore, further reduces the optical path length and 
improves the imaging. As is shown in FIGS. 13a and 136, 
the contoured plates 118 preferably comprise a transparent 
portion 102 and an opaque portion 120. Contouring one or 
both plates has the added advantage of lowering the level of 
patient discomfort typically associated with breast compres- 
sion. The type of contour to be used depends upon the 
scanning technique (such as a continuous scan or a scan 
where compression is removed and then reapplied before the 
next region of the breast 104 is scanned) and the amount of 
compression desired. 

As shown in FIG. 15, the compression plates need not be 
solid pieces, openings can be incorporated into the plate(s) 
such that the entrance or exit radiation beams avoid trans- 
mission through the plate(s). In addition, compression plates 
need not be totally transparent. Areas that are not used to 
transmit radiation can be coated with radiation-absorptive 
materials (which may be appropriate for optical or acoustic 
radiation) to reduce the transmission and/or reflection of 
unwanted radiation. The use of masks as shown, e.g., in FIG. 
3, or of collimators built directly into the compression plates 
as shown in FIG. 2, can be used to limit the effects of 
undesirable exiting radiation. 

If the entering or exiting radiation must pass through a 
compression plate, then it is preferable that the appropriate 
region of the compression plate is made of a suitable 
material with an index of refraction which closely matches 
the index of refraction of the materials adjacent to interior 
surfaces of the plate which may be the skin of the breast or, 
preferably, an optical coupling fluid (e.g., water) or gel. 

Imaging a breast via the various methods described herein 
can be improved by the use of optical (i.e., radiation) 
coupling materials such as index matching liquids (e.g., for 
example, water) or gels in contact with the radiation 
entrance and/or exit surface(s) of the breast. The optical 
coupling material properties (e.g., index of refraction and 
scattering and absorption properties) can be selected for a 
particular imaging format, tissue type, and optical spectrum. 
The optical coupling material can also help dissipate local 
buildup of heat for the region being irradiated as well as 
provide a lubricant, particularly for moving components in 
contact with it. 

Since many versions of this invention are possible, light 
(radiation) sources may range from continuous (for example 
CW or modulated CW) to rapidly pulsed. Controlling the 
optical (radiation) pulse width, the degree of optical colli- 
mation (including the size or area of the input beam), the 
frequency or phase, the amplitude, the spectral composition, 
the coherence, and the degree of polarization of the radiation 
are methods of encoding or controlling the properties of the 
optical source. A number of collimation methods (e.g. by air 
gaps, fiber optics, light pipes, masks, polarized filters, nar- 
row spectral bandwidth filters, directionally -sensitive filters, 
narrow spectral bandwidth and directionally-sensitive 
filters, focused lenses, waveguides, focused arrays, holo- 
graphic or diffractive spatial filters as well as acousto-optic 
devices which exhibit high angular sensitivity, a reciprocat- 
ing collimator, or mechanical apertures) are available for 
enhancing image quality. 

The waveform emitted from the optical (radiation) source 
can also be controlled. A number of phase, frequency, and 
noise-resistant coded waveforms (for example, chirp pulses) 
have been used in radar, (see, e.g., D. Wehner, High Reso- 
lution Radar, Chapters 3 and 4, (1987); and M. Soumekh, 
Fourier Array Imaging (1994)) in acoustics (ultrasound, 
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underwater, geophysical), in optical communications (e.g., a 
"complex" waveform such as a soliton pulse), in electronic 
communications (see, e.g., H. Rowe, Signals and Noise in 
Communication Systems, (1965); and C. Nagasawa, et al., 
5 Applied Optics, vol. 29, no. 10, p. 1466-1470 (1990)), and 
in encryption, and can be applied to optical imaging of 
stationary or moving tissue. Such waveforms permit decod- 
ing (essentially, matched filter processing) of the transmitted 
or backscattered signal and, thus, allow a comparison of how 
1Q beam properties such as coherence, amplitude, spatial 
distribution, phase, spectrum, and relationship between 
pulses (for example, pulse patterns or sequences) or 
wavefronts, etc., are modified by the tissue through which 
the beam passes. 
15 For example, a light source can be frequency or amplitude 
modulated using a specific waveform or pattern. Thus, 
sinusoidal wave amplitude modulation could be employed 
to measure information about wave-front propagation. The 
effect of breast tissue on a complex waveform can also be 
20 evaluated. For example, by using a source of soliton pulses 
and an appropriate cc-llimated receiver which may include a 
fiber amplifier. See, e.g., H. Haus, Molding Light Into 
Solitons, IEEE Spectrum, 48-53 (March 1993). Temporal or 
phase properties of a pulse or wavefront can be utilized to 
25 provide additional beam collimation. A number of time- 
resolved optical imaging techniques have been developed 
for use with highly scattering media, ultrafast phenomena, 
etc. These applications exploit temporal or phase properties 
of the radiation field (e.g. time-of-flight, holography, 
30 heterodyne, homodyne, Raman amplification, etc.). For 
example, if the light (i.e., radiation) source is pulsed and the 
pulse length is sufficiently short, conventional TOF imaging 
and analysis (typically based on the "ballistic" and some- 
times the "snake" component of the radiation field) can be 
35 employed. The ballistic, snake, and diffuse components of 
the signal (the temporal profile) can each be acquired and 
evaluated independently as well as together. Source-detector 
imaging formats which implement a time-resolved tech- 
nique tend to work well for thicknesses of breast tissue that 
40 are relatively thin compared to the actual thickness of a 
typical breast. Further improvements in mammography 
image quality, when time -resolved optical techniques are 
employed, typically require the use of conventional colli- 
mation for additional scatter reduction. See, A. Sappey, 
45 Applied Optics, Vol. 33, No. 36, p. 8346-8354, (1994). A 
uniform thickness of tissue and especially the ability to 
compress the breast or a region of the breast would prove 
beneficial if a time-resolved optical technique is utilized. 
Advanced statistical techniques can be applied to the addi- 
50 tional information gained concerning how normal and dis- 
eased tissue affects the temporal profile, phase, amplitude, 
spatial, polarization, and spectral content of the radiation 
waveform or pattern. This will enhance the process of image 
reconstruction. See Image Recovery Theory and Application 
55 (H. Stark ed. 1987). 

FIG. 10 shows a system for computed tomography where 
the source or sources a, b, and c (112) produce a number of 
beams which converge on or near the surface of the breast 
to be scanned 104 and are recorded by a collimated detector 
60 or detectors a', b', and c' (110). Thus, a particular point or 
location is sampled from a plurality of angles. The source(s), 
collimators), and detector(s) then rotate in a discrete step 
and another point or location in the same plane is scanned. 
Additional detectors can be positioned to record scattered 
65 radiation for the plurality of angles which are sampled for 
each location. See, e.g., Nelson, et al., U.S. Pat. No. 4,984, 
974. 
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Several techniques for estimating the scatter content of 
the primary beam have been described in our previous 
patents. Backscattered and transmitted radiation can be 
evaluated for scatter content by varying the angular selec- 
tivity of the collimation associated with the exit surface 
point. For example, this can be accomplished by defocusing 
a lens system or expanding an aperture opening. In this way 
radiation measurements can be made which vary from 
weakly collimated to highly collimated radiation. Additional 
scatter information can be acquired by measuring scatter 
radiation about the location of the exit surface point. We 
have already discussed the use of polarized filters as colli- 
mators. Another on-axis scatter correction method is to 
modify the polarization of the beam between measurements 
and then compare the measurements. See Nelson, et al., U.S. 
Pat. No. 4,984,974. In this instance, because the measure- 
ments are taken at separate times, the original detector also 
serves the function of a second detector. If a beam splitter 
can be used to separate the exiting beam (transmitted and/or 
backscattered) into two components then two detectors can 
be used to make simultaneous measurements of the beam 
components. 

Alternatively, scatter information can be obtained by 
juxtaposing (positioning spatially off-axis) a second parallel 
radiation beam of a different wavelength or other distinctive 
characteristic to the primary radiation beam being measured. 
A narrow spectral bandwidth filter which removes the pri- 
mary beam but transmits the fraction of the second beam 
scattered into the position of the primary beam provides an 
estimate of scatter. If the wavelength (and other 
characteristics) of the second beam is the same as that of the 
first, then any overlap in time between the two beams should 
be minimized. An alternative approach in both of these cases 
is to simply measure the relative output signal increase when 
the second source is added. The collimated beam recorded at 
one site provides possible scatter correction values for 
surrounding detector sites. Instead of spatially separating the 
two beams, the second beam can enter at the same location 
as the first beam, but the second beam should be tilted 
(positioned angularly off-axis) with respect to the first beam. 
A narrow spectral bandwidth filter which reflects the second 
beam scattered radiation to a second detector while allowing 
the primary beam to reach the primary detector can provide 
dynamic scatter correction measurements. Of course, a 
single detector can be used if the two measurements can be 
made at different times. Transmitted radiation measurements 
can be made from opposite directions by positioning a 
source and a detector with its collimator on opposite sides of 
the breast, recording the transmitted radiation, reversing the 
positions of the source and detector with its collimator, 
recording the transmitted radiation, and evaluating the two 
measurements for differences in radiation levels and scatter 
content. The two measurements can also be combined to 
give an average measurement. As shown in FIG. 12, an 
acquisition format can be devised that permits both back- 
scattered and transmitted radiation measurements to be 
made from both sides of the breast 104 by operating the 
sources 112 at slightly different times or at different wave- 
lengths or both (other properties of the radiation such as 
polarization, etc. can also be used to differentiate the two 
sources). This allows the detectors 110 to differentiate 
between backscattered radiation and transmitted radiation. 
This configuration can be used to measure strictly backscat- 
tered or strictly transmitted radiation if desired. This "mono- 
static" configuration is a specific implementation of a 
"bistatic" configuration where sources 112 and receivers 110 
need not be aligned. Bistatic configurations can be employed 



39,836 

20 

to record weakly collimated signals, highly collimated 
signals, and virtual collimated signals. 

An acoustic source 130 can be used to create an acoustic 
radiation field 132 within a volume of breast tissue 104 as is 

5 generally shown in FIG. 14. The acoustic field 132 alters the 
optical properties of the various materials within that vol- 
ume. A variety of acoustic waveforms and sources can be 
utilized, as is well known in geophysics, ocean acoustics, 
photoacoustics, and ultrasound. As is specifically shown in 

1D FIG. 14, a single acoustic source or source array 130 
generates an acoustic field 132 that is intersected by an 
optical (radiation) beam 112a and results in a modified light 
field 134. The high resolution optical (radiation) scanning 
techniques described previously can be implemented 

15 (including the use of compression). Thus, radiation source 
requirements can range from continuous to pulsed. Time- 
resolved optical techniques can be employed for appropriate 
thicknesses of tissue. Optical coupling materials 100 can be 
used to improve transmission of radiation into and out of the 

20 breast 104, etc. The ability to distinguish between adjacent 
sources on the basis of their radiation properties 
(wavelength, polarization, etc.) allows the superposition of 
multiple source -mask units. This permits a much larger area 
to be imaged at any instant. In one implementation of this 

25 concept, the superposition of multiple patterned source 
inputs forms a single large area beam comprised of many 
discrete elements. By using an optical imaging system 
which offers inherent high spatial contrast resolution, spatial 
information can be obtained which is not necessarily limited 

30 by the acoustic wave form employed (for example, the 
effective acoustic pulse width). 

The acoustic field can be employed with the optical 
tomography system described previously (Nelson, et al., 
4,948,974, Aug. 14, 1990) and, therefore, with multiple 

35 discrete-angle beam optical tomosynthesis techniques. 
Changes in the amplitude and characteristics of the trans- 
mission and backscatter radiation, which may include the 
presence of Doppler-shifted (frequency -shifted) radiation, 
can be evaluated with the acoustic field present and not 

40 present. If the spatial extent of the acoustic radiation field is 
reasonably well-defined, the intersection of the optical 
(radiation) beam at an appropriate angle to the acoustic field 
provides three dimensional information since the interaction 
volume is approximately described by the intersection of the 

45 two fields. Thus, acousto-optic transmission and backscat- 
tered tomography is possible. As described earlier, source 
requirements can range from CW to rapidly pulsed. The 
acoustic signature of a structure or structures (influenced by 
factors such as geometry and material composition) within 

50 the breast can be observed, as well as the decay of the 
acoustic signal. Doppler-shifted radiation may be useful in 
identifying blood flow or structures which react with the 
acoustic field in a fashion which is different from that of 
healthy tissue. 

55 Although FIG. 14 shows single acoustic and optical 
sources, more than one acoustic source and more than one 
optical source may be used. For example, an acoustic source 
directed into the plane of FIG. 12 could be added to the 
image acquisition system of FIG. 12. The benefits of using 

60 an acoustic field in conjunction with various collimated 
radiation source -detector formats can also be appreciated in 
an imaging system which relies on diffusive, diffusive wave 
or time-resolved optical techniques. In addition, appropriate 
collimation can be employed with diffusive, diffusive wave 

65 and timeresolved optical techniques. The use of acoustic 
radiation fields with optical radiation fields can aid in 
identification of static and dynamic structures and in iden- 
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tification of the material composition of the structures. The 
dynamics of the acoustic field can be followed by observing 
when optical field parameters, which may include the pres- 
ence of Doppler-shifted radiation, at a given location change 
relative to the initiation or modulation of the acoustic field 5 
and/or relative to the optical field at a different location. 

The present invention also relates to enhancements to the 
compression plate design such that one or both compression 
plates have an open region adjacent the skin surface. This 
open region typically allows air or a coupling fluid/gel to be 10 
in contact with the skin surface. FIG. 15 shows an embodi- 
ment of an open compression plate. A coupling fluid/gel in 
the open area can reduce index of refraction mismatches, 
help provide a uniform scanning thickness, help dissipate 
heat buildup, and act as a lubricant for motion of the plate(s) 15 
or scanning mechanisms. FIG. 16a shows a scanning mecha- 
nism (which may include a source and/or detector) that 
moves past an open region in a compression plate while 
scanning and providing additional compression. If the lower 
compression plate also has an open region, a second similar 9Q 
scanning mechanism could be scanned in synchrony with 
the first unit, providing additional local compression. Com- 
pression plate(s) with an open region may be used to couple 
on-axis and off-axis (angled) collimated radiation into and 
out of the breast more efficiently as is shown, for example, ^ 
in FIG. 16b. Radiation from an acoustic source can also be 
coupled into and out of open region(s) of compression 
plate(s), enabling compression acoustic image data and 
acoustooptic image data to be acquired as well as optical 
image data. Ideally, appropriate coupling fluid/gel would be 30 
used for acoustical and optical coupling. In addition, opti- 
cally absorptive coatings can be used to cover parts of the 
plates and thereby prevent unwanted scatter from reaching 
the detector. An example is shown in FIG. 15. Acoustically 
absorptive coatings can be similarly utilized when appro- 35 
priate and plates may be constructed from acoustically 
absorptive materials if desired. 

The acoustic waveform can be readout at the exit surface 
(which could also be the entrance surface) by using an 
acoustic tranducer(s) or by using a laser to scan the breast 40 
surface or a surface coupled to the breast such as a deform- 
able mirrored or reflective deflection plate or surface or 
elastic layer (such deformable mirrored deflection plates are 
employed in a scanning laser acoustic microscopy or 
SLAM). An efficient design, if optical and acoustic capa- 45 
bilities are designed into a single system, is to use a 
deformable mirrored or reflective surface which is reflective 
at the readout beam wavelength and transmissive for wave- 
lengths used for optical imaging. The acoustic readout 
mechanism used with a bladder is not restricted to optical 50 
laser Doppler scanning vibrometry or holographic vibrom- 
etry imaging. Acoustic tranducers of various types may be 
coupled to the bladder as sources and/or receivers. More 
than one bladder unit can be used at a time and bladder units 
(for example, functioning as both source and receiver) need 55 
not be parallel and/or on opposite sides of the breast being 
imaged. 

As is mentioned above, the concept of a deflection plate 
can be extended to include a deformable (flexible or elastic) 
reflective surface or layer such as a plastic sheet. The eo 
deformable layer or surface can also function as a transducer 
if a piezoelectric material such as a piezoceramic, a 
piezocomposite, or a piezopolymer such as PVDF is 
employed. 

The combination of an open compression plate with a 65 
deflection plate or elastic layer of material across the open- 
ing can be thought of as a compression imaging bladder for 



optical, acousto-optical, and acoustic imaging. The rigid 
walls of the plate enable compression over a specific region 
while the deflection plate or elastic layer provides a uniform 
interface and good contact with the skin surface or an 
intermediate coupling fluid. Such a compression imaging 
bladder provides the same benefits that an open compression 
plate offers by immobilizing a region of the breast and thus 
limiting the effect of patient motion. The compression 
imaging bladder also promotes a uniform thickness of 
coupling fluid/gel with tissue (ensuring that gaps or discon- 
tinuous regions of the breast surface are filled) over the 
imaging region while minimizing motion of the fluid/gel. 
The elastic layer can be designed to be sufficiently pliable 
such that it can conform to irregular surfaces, reducing 
acoustic problems encountered at skin- air interfaces while 
providing a detection environment with predictable optical 
or acoustic properties. 

A simple variation of this design allows a separate bladder 
unit (which can be referred to as an imaging bladder) to be 
inserted into the opening of a compression plate(s) rather 
than using a layer fixed to the compression plate(s). A 
source, a receiver, or both can be incorporated into this 
separate imaging bladder unit just as they could be incor- 
porated into the compression imaging bladder. If the imag- 
ing bladder can be sealed and pressurized (expanding the 
bladder and providing relatively rigid walls), then compres- 
sion can also be obtained by using only the imaging bladder 
without the compression plates. The compressive force is 
now applied to the frame of the imaging bladder rather than 
the compression plates (see FIG. 20). Thus the imaging 
bladder is modified into a variation of the compression 
imaging bladder. We shall refer to both compression imag- 
ing bladders and imaging bladders as bladders. 

Several advantages of using bladder are that it can be 
incorporated into compression plates (e.g., in the "open" 
region), it can replace one or both optical compression 
plates, it can promote a flat region of reasonably uniform 
thickness like compression plates do, it promotes efficient 
acoustic coupling into or out of the tissue medium (including 
reducing the effects of an irregular surface geometry), and it 
can provide compression to reduce the thickness of the 
tissue region. It is highly desirable to have a readout 
environment with predictable characteristics. Both conven- 
tional acoustic transducer and optical readout techniques can 
be employed with a bladder(s). If an acoustic transducer is 
utilized, it may function as source and/or receiver. Non- 
medical applications which require acoustic imaging or 
material analysis can also benefit from the use of bladders. 
Bladders can improve acoustic coupling into and out of a 
structure, reduce effects due to adjacent boundaries of the 
object, fill gaps due to irregular surface geometry, and 
provide compression (which may reduce the thickness of the 
volume being scanned, help create a more-uniform interface 
over a region which is to be analyzed, and/or reduce object 
motion). A straightforward example is the use of one or more 
bladders (see FIG. 20) for examining small containers such 
as packages and envelopes using acoustics. Coupling acous- 
tic energy into and out of such a container would be 
improved compared to open air coupling, unnecessary 
scattering/reflection from some container edges or air pock- 
ets (due to an irregular surface) could be minimized, and 
undesirable container motion could be controlled, A bladder 
may also be advantageous for both medical and non-medical 
imaging situations where it is desirable to have the source or 
readout mechanism adequately separated from the object 
surface. This physical separation is similar to the concept of 
employing an air gap (a coupling medium gap) as means of 
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collimation. For example, when a longer TOF or when 
separation of interfering signals arriving from the subject is 
desired. 

The present invention also relates to imaging breasts 
using multiple collimated angled beams (including normal 
incidence). These beams may have different characteristics 
and need not sample the same region at the same time. Thus, 
a single beam can scan a particular location from a plurality 
of angles in succession. Multiple beams can scan a particular 
location over a range of angles at the same time or at 
different times. As explained earlier, a single beam can be 
comprised of several distinct beams which are separated 
after exiting the breast. Off-axis radiation can be used to 
correct for scatter contributions to the received signal in this 
case (and, as is shown in FIG. 10, also in a version of CT in 
which radiation beams are incident at a point on the surface 
from a plurality of angles). This approach can be used with 
a compressed region of breast. Abeam or beams (which may 
be point, line, or area type) can scan a compressed region 
from a plurality of angles. In addition, angled scanning can 
be accomplished using more than one scan direction and 
even complicated scan patterns can be implemented. Similar 
scanning techniques are employed in x-ray tomography. See, 
e.g., W. Merideth, et al., Fundamental Physics of Radiology, 
p. 351-363 (1972) and E. Christensen, et al., An Introduc- 
tion to the Physics of Diagnostic Radiology, p. 249-267 
(1978). Separate angled images can be formed from the data 
or images can be synthesized from all or part of the 
transmitted and/or backscattered data. Angled scans can be 
implemented on both sides of the subject. Since the data is 
in electronic form, the process of forming new images from 
many views can be described as optical tomosynthesis. 

Tomosynthesis can be viewed as a limited implementation 
of CT in which the range of acquisition angles and/or the 
acquisition geometry have been restricted. See U.S. Pat. No. 
4,767,928. In U.S. Patent No. 4,829,184 the present inven- 
tors show how to obtain three dimensional information by 
using transmission and backscatter imaging from opposite 
sides of a (preferably, compressed) breast (i.e., two views 
taken at 180 degree angles from each other). A third mea- 
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incidence. A convenient scanning arrangement involves 
using a focused beam as described. Scanning with a focused 
beam may be easier to implement while discrete angle 
scanning may provide better control for image reconstruc- 
tion (multiple discrete images will already exist) as well as 
improved scatter correction capability. Discrete angle scan- 
ning may allow use of virtual collimated transmitted or 
backscattered radiation more effectively than if a focused 
beam is used. Tomosynthesis based on a focused beam or 
discrete multiple scanning angles can be implemented with 
the various waveforms described previously (Cw, pulsed, 
coded, complex, CW-modulated, time-resolved, etc.). For 
example, diffusive wave tomosynthesis can be implemented. 

FIG. 17 shows several angled beams scanning segments 
of the same compressed region. If the beams have compa- 
rable characteristics (e.g., wavelength, polarization, etc.) 
then it may be useful to launch the beams at slightly different 
times so as to minimize cross-talk between them. The use of 
a compression plate with an open region (also referred to as 
an open compression plate) and an optional coupling fluid or 
gel provides a more uniform thickness over a region and thus 
would be beneficial for use with angled beam time-resolved 
imaging techniques. Transmitted and backscattered angled 
beam radiation can be collimated using previously described 
techniques. For example, FIG. 12 shows collimation of 
radiation where the angle of the incident beam is normal to 
the surface, A number of methods described earlier can be 
utilized to correct for scatter in the collimated angled beam. 
The use of multiple angled beams and (if appropriate) 
compression plates can enhance the capability of an imaging 
system to localize the presence of contrast -enhancing mate- 
rials or materials which can be detected using emission 
fluorescence (including tissue-dependent fluorescence 
lifetimes), Raman scattering techniques, or Doppler 
techniques, in addition to detecting any other measurable 
effect such materials might have on the optical beams. 

Virtual transmitted and backscattered collimated radiation 
beams can be generated from angled beams and can also be 
used for imaging and/or image enhancement. Since the 



surement taken at a 90 degree angle relative to the two views 40 source requirements can range from CW to rapidly pulsed, 



could provide additional three dimensional image informa- 
tion. In U.S. Pat. No. 4,948,974 we show how to obtain three 
dimensional information by using transmission and back- 
scatter imaging of a (preferably, compressed) breast with a 
focused beam which has a well-defined depth of focus over 
a limited range. The focused beam can be thought of as 
comprising a number of beams which are incident on the 
breast from a plurality of angles (which need not be limited 
to lie in a single plane). Indeed, one or more collimated 
beams can be scanned across the surface of the focusing lens 
(or lens system) which in turn would transmit deflected 
(angled) scanning collimated beam(s) and, thus, simulate the 
geometry of a focused beam while providing more control 
over processing of the components of the focused beam. 

With this focused beam implementation of tomosynthesis 
it is possible to acquire multiple image slices by scanning 
along a plane corresponding to each slice, adjusting the 
height of the beam waist, and scanning along another plane. 
Image resolution within a slice can be enhanced by decon- 
volving the overlapping information from other planes. The 
scanning geometry of a focused beam need not be restricted 
to a plane parallel to the surface. In fact, it need not be 
restricted to a plane at all. Complex scan geometries can be 
implemented, of which many are known in the field of 
tomographic radiography. 

Optical tomosynthesis can thus be achieved using colli- 
mated radiation beams and a plurality of discrete angles of 
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conventional optical collimation techniques as well as time- 
resolved, CW, and modulated CW (such as diffusive wave) 
optical imaging techniques, or optical techniques which use 
a coded or complex waveform can be used to evaluate the 
angled collimated beams and the virtual collimated beams. 
FIG. 17 shows an example of collimated angled beams as 
well as virtual collimated beams. In FIG. 17, a subset of 
possible virtual collimated beam directions is shown as 
traveling normal to the exit surface 106. These beams are 
shown being recorded by collimated detectors x and y. Other 
virtual collimated beam directions can also be evaluated. 

As is described previously, optical tomosynthesis can be 
accomplished using a focused beam and is equivalent to 
scanning using a plurality of angled collimated beams. See 
Nelson, et al., U.S. Pat. No. 4,984,974 and above. A focused 
detector can be employed in order to implement virtual 
tomosynthesis by using a plurality of virtual collimated 
angled beams. Such virtual collimated beams may be useful 
since they appear to originate below the skin surface of the 
breast being imaged. A source which appears to originate 
within the breast (i.e. below the skin surface) can illuminate 
a region (via transmission or backscatter) from a different 
perspective than traditional projection. See Nelson ct al., 
U.S. Pat. No. 4,829,184. Thus, three-dimensional image 
information can be synthesized using data acquired from 
multiple projections. This information could include data 
from the multiple collimated angled beams (transmitted and 
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backscattered) or the multiple virtual collimated beams or 
the multiple collimated angled beams in conjunction with 
the virtual collimated beams. Virtual collimated beam data 
can also be acquired while implementing optical CT 
imaging, providing virtual collimated transmission and 
backscatter CT images. The virtual collimated beam data 
can also be used to enhance the collimated beam CT images. 

The present invention also relates to acquiring additional 
information about tissue characteristics by intersecting an 
acoustic field with an optical radiation field. We have already 
described how the use of one or more acoustic radiation 
fields can be used to modify collimated transmitted or 
backscatter optical radiation beams. This approach can now 
be extended to collimated angled optical radiation beams 
and virtual collimated transmitted and backscattered radia- 
tion beams as just described. The dynamics of the acoustic 
field can be monitored with one or more collimated angled 
optical beams. In addition, the use of an open compression 
plate(s) creates a more favorable environment for incorpo- 
rating an acoustic source(s) into the same scanning geometry 
employed for the optical source(s), as shown in FIG. 18. In 
this case the optical coupling material should also be appro- 
priate for coupling the acoustic source to the breast. The 
acoustic beam can enter the breast at normal incidence or be 
tilted with respect to the surface. The acoustic beam can be 
focused (collimated) with an acoustic lens or by the tech- 
nique of electronic beam forming (also referred to as elec- 
tronic collimation) which is widely used in medical ultra- 
sound. Although the acoustic source is typically used as a 
receiver for backscattered radiation, additional acoustic 
receivers can be used to measure the transmission beam and 
virtual transmission and backscattered acoustic radiation 
beams. This is the acoustic analog of imaging with optical 
virtual collimated beams. The concepts of raster scanning 
with a focused acoustic source and using off-axis scattered 
acoustic radiation are well known in the field of industrial 
ultrasound imaging (e.g., bistatic imaging, Synthetic Aper- 
ture Focusing Techniques). See J. Krautkramer, et al., Ultra- 
sonic Testing of Materials (1990). 

We need not be limited to using acoustic transducer arrays 
as sources and receivers as is now widely practiced in 
medical ultrasound imaging. An acoustic lens assembly or 
unit can be used with a transducer to scan the breast in a 
raster mode with a collimated (focused) acoustic beam (a 
method which we described previously using optical radia- 
tion sources). Also see Christensen, et al., An Introduction to 
the Physics of Diagnostic Radiology, p. 249-267 (1978). It 
is also possible to scan the breast with a number of focused 
acoustic beams either by using a combination of multiple 
sources with multiple lens units or a collimated acoustic 
source with a mask (in a manner similar to the corresponding 
optical technique shown in FIG. 2). This acoustic raster scan 
technique can also be implemented without an intersecting 
optical radiation field. A collimated acoustic receiver (which 
can also be a source) can be used to detect the exiting 
acoustic radiation field. Another approach which we have 
already described is to use a laser beam of appropriate 
wavelength to detect the effects of the acoustic field by 
various vibrometry techniques such as scanning (or by using 
holographic imaging) the breast surface or a surface coupled 
to the breast surface. These acoustic data acquisition tech- 
niques are now widely used in industry. Two such methods 
are C-mode and Scanning Laser Acoustic Microscopy, also 
referred to as C-SAM and SLAM, and laser vibrometry. See 
L. Santangelo, et al., Surface Mount Technology (September 
1989); and Proceedings, SPIE vol. 2358 Conference on 
Vibration Measurements by Laser Techniques: Advances 
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and Applications (1994). A compression plate can be modi- 
fied to include a readout surface similar to the deformable 
mirrored deflection plate used with SLAM systems. As we 
is also previously described, the open compression plate in 
conjunction with a deformable mirrored deflection plate, an 
clastic mirrored layer or surface, a layer, sheet, or surface 
which is acoustically transmissive, a sheet, layer, or surface 
of material which functions as an acoustic source or detector 
(a piezoelectric material), or an insertable bladder mecha- 
nism function as bladder. 

FIG. 19 shows two shaped compression plates with open- 
ings which have been modified to function as bladders for 
imaging and tissue characterization. The lower bladder 
employs an optical readout while the upper bladder incor- 
porates an acoustically-transmissive layer which couples the 
transducer to the breast while presenting a smooth surface to 
the transducer. Here the transducer could operate as both a 
source and a receiver. A variation on this idea is to have both 
bladders provide source-receiver capabilities. It is also pos- 
sible to work with a single bladder unit. An alternative 
design is to configure the source unit and the readout unit as 
bladder modules which would simply be inserted into the 
open compression plates. The bladder modules would be 
attached directly to the compression plates or an external 
force (such as a mechanical arm, a human hand, liquid or air 
pressure, gravity, etc.) would be used to press the elastic 
acoustically-transmissive layer of the bladder module 
against the breast surface and thus ensure good coupling of 
radiation into or out of the breast. 

FIG. 20 shows a bladder device inserted into the opening 
of a shaped compression plate. The deformable layer or 
surface can be particularly useful when placed at locations 
on the breast surface where the boundaries have steep slopes 
such that the breast surface in the opening of the compres- 
sion plate(s) presented depressions instead of being rela- 
tively uniform. We have discussed this problem earlier with 
respect to TOF applications where the use of a coupling 
liquid or gel was proposed to ensure that the scanned beam 
of optical pulses required approximately the same travel 
time when scanning a surface with an irregular geometry. 
The elastic layer and any coupling fluid or gel it contains can 
extend the breast volume, reducing problems caused by 
radiation reflecting from a skin-air interface. Offering a 
bladder module as an option may be more cost effective for 
users who only require compression plates for breast imag- 
ing. 

In general, acoustic transmission and backscatter com- 
pression data can be acquired as well as acoustooptic 
compression data. Thus, acoustic, optic, and acousto -optic 
information can be acquired and evaluated independently 
and also compared to form a more complete characterization 
of the breast tissue being imaged. The use of compression 
with ultrasound will improve the efficacy of ultrasound 
mammography imaging. The region being scanned tends to 
be of a more uniform thickness and the typical penetration 
depth for ultrasound radiation used in mammography is now 
more appropriate for the thickness of tissue (making trans- 
mission ultrasound mammography a viable imaging 
technique). 

Just as optical tomosynthesis is possible from multiple 
collimated (focused) angled optical (radiation) beams, so 
acoustical tomosynthesis (synthetic aperture imaging) is 
possible from multiple collimated (focused) angled acoustic 
beams. The collimated acoustic beams can be electronically 
or mechanically scanned through a range of angles and the 
acoustic source (and receiver) can be scanned or translated 
in the same manner as the optical source (and receiver). 
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Several acoustic sources may be used together to set up 
complex propagating wavefronts, standing wavefront 
patterns, or compensated wavefronts (such as time reversal 
mirrors) which could improve imaging and tissue identifi- 
cation. See SPIE vol. 1733 (F. Lizzi, ed., 1992). In addition, 
virtual collimated (focused) acoustic radiation beams can be 
measured along with the transmitted and/or backscattered 
collimated acoustic beams with the aid of additional colli- 
mated (acoustic lens, physical separation, electronic beam 
forming, TOF, acoustic holography) acoustic receivers. A 
variety of acoustic waveforms can be employed and acoustic 
source requirements may range from CW to pulsed. Coher- 
ent acoustic imaging techniques which use TOF principles, 
beam forming (phased array), and synthetic aperture meth- 
ods are commonly used in medical ultrasound, industrial 
acoustics, and underwater acoustics. See Modern Acoustical 
Imaging (H. Lee & G. Wade, eds. 1986). Synthetic aperture 
methods are also widely used in radar imaging. See D. 
Wehner, High Resolution Radar (1987); and M. Soumekh, 
Fourier Array Imaging (1994). Types of acoustic sources 
include single transducer probes, line arrays, two- 
dimensional arrays, focused tranducers, and focused 
tranducer arrays. Optoacoustic sources (such as pulsed, and 
possibly scanning, laser beams) can also be used if advan- 
tageous (although focusing may require beam forming or 
making use of a short pulse duration). Both static and 
dynamic (Doppler) acoustic imaging should benefit from the 
use of compression. See Christensen, et al., An Introduction 
to the Physics of Diagnostic Radiology, p. 249-267 (1978); 
and W. Hedrick, et al., Ultrasound Physics and Instrumen- 
tation (1995). 

The present invention also relates to imaging using com- 
pression plates, with or without an open area, in conjunction 
with weakly collimated sources and receivers. For example, 
an optical fiber or waveguide used to collect non-ionizing 
radiation can be designed with a large acceptance angle. 
Compression can be used with conventional diffuse and 
diffusive wave electromagnetic or diffractive (refractive) 
acoustic or acousto-optic imaging techniques. See, e.g., A. 
Kak, et al., Principles of Computerized Tomographic Imag- 
ing (1988); and Image Recovery Theory and Application (H. 
Stark ed. 1987). Compression reduces the tissue volume 
(and propagation distances) which is considered and pro- 
vides a controlled (predictable) geometry. Thus, introducing 
compression can be very beneficial when attempting to 
reconstruct the properties of a tissue volume. 

Imaging will involve the use of one or more sources and 
one or more receivers. A receiver or array of receivers can 
be used on both sides of the compressed region for recording 
the diffusive or diffusive wave signal from individual 
sources. Sources can be also be used on both sides of the 
compressed region. The present inventors presented a simi- 
lar technique in U.S. Pat. No. 4,829,184, and in pending U.S. 
patent application Ser. No, 08/480,760, the disclosures of 
both of which are hereby incorporated by reference as if 
fully set forth herein, in which the scattered field is measured 
in the immediate region surrounding the collimated source 
or detector. In the presently described technique the sources 
and receivers are weakly collimated and the receivers are 
used to sample the scatter field over an appropriate area. 
Sampling densities and uniformity are influenced by a 
number of parameters including the wavelength of the 
radiation, thickness of tissue, tissue composition, limits on 
acquisition time, reconstruction algorithms employed, 
equipment costs, etc. Similar choices should be made for the 
tomosynthesis imaging techniques described earlier. 

Data from multiple sources can be acquired at the same 
time or at distinctly separate times depending on how the 
specific contribution of each source can be recognized by a 
detector(s). Sources can be perceived as being distinct if 
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they are spatially well-separated, or are active at different 
times, or have different wavelengths or polarizations (in the 
optical case), etc. As an example, in an optical case a source 
can be a combination of two or more distinct wavelengths. 
The wavelengths are separated at the receiver and the 
information evaluated for each wavelength. In addition, the 
information can be combined and/or compared. For 
example, wavelength-dependent phase shifts or relative 
attenuation can be considered. An intermediate implemen- 
tation of this invention is to acquire collimated data 
(collimated source and collimated receiver) as well as dif- 
fuse data from the collimated source. Yet another imple- 
mentation is to acquire collimated data using a collimated 
source and separately acquire the diffusive or diffusive wave 
data using weakly collimated sources and receivers. Thus, 
additional information will be available for image recon- 
struction and data fusion. In addition to the pulsed, 
continuous, and modulated waveforms that can be provided 
by a source, complex and coded waveforms may also be 
employed. 

The acoustic, optic, and acousto-optic apparati and meth- 
ods we have described may also be used for non-medical 
applications such as inspection of containers, monitoring 
industrial processes, materials analysis, defect analysis, etc. 

Though the invention has been described with respect to 
specific preferred embodiments thereof, many variations and 
modifications will immediately become apparent to those 
skilled in the art. It is therefore the intention that the 
appended claims be interpreted as broadly as possible in 
view of the prior art to include all such variations and 
modifications. 

We claim: 

1. Amammography imaging apparatus using non-ionizing 
radiation comprising: 

at least one source of non-ionizing radiation of relatively 
narrow spectral bandwidth disposed such that the radia- 
tion from said at least one source will be incident on a 
portion of the breast to be scanned, 

at least one radiation detector disposed so as to detect 
radiation having passed through the portion of the 
breast to be scanned, 

a collimator corresponding to each detector and adapted 
to be disposed between the portion of the breast to be 
scanned and each detector, 

a radiation imager for translating said detected radiation 
into a mammography image, and 

a structure for enabling shaping at least a region of the 
breast and for providing compression to the breast, said 
structure being positionable adjacent the breast, and 
said structure having at least one open region enabling 
access to a surface of the breast, the surface of the 
breast accessible through said at least at least one open 
region substantially defining a plane wherein the struc- 
ture is configured to provide compression to the breast 
in a direction substantially perpendicular to said plane 
of the surface of the breast accessible through said at 
least one open region. 

2. The apparatus of claim 1 wherein said at least one 
source of non-ionizing radiation of relatively narrow spec- 
tral bandwidth is disposed such that the radiation from said 
at least one source will be incident over a plurality of angles 
on the portion of the breast to be scanned. 

3. The apparatus of claim 2 further comprising 

at least one additional source of non-ionizing radiation 
disposed such that the radiation from said additional 
source is incident over a plurality of angles of the 
portion of the breast to be scanned, 

at least one additional detector corresponding to and 
disposed to detect radiation from the at least one 
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additional source after said radiation exits the portion 
of the breast, and 
at least one additional collimator corresponding to each 
additional detector and adapted to be disposed between 
the portion of the breast to be scanned and said corre- 
sponding additional detector. 

4. The apparatus of claim 3 wherein the at least one 
additional source is a source of acoustic radiation. 

5. The apparatus of claim 4 wherein the at least one 
additional detector corresponding to the acoustical radiation 
source is at least one of a deformable mirrored deflection 
plate, a reflective elastic layer, and a bladder, 

6. The apparatus of claim 4 wherein the at least one 
additional detector corresponding to the acoustical radiation 
source is a bladder comprising a structure for shaping at least 
a region of the breast and for providing compression to the 
breast. 

7. The apparatus of claim 1 wherein the at least one source 
comprises at least one of an optical radiation source and an 
acoustical radiation source. 

8. The apparatus of claim 1 wherein said at least one 
source comprises an acoustical radiation source emitting 
acoustical radiation, said acoustical radiation detectable by 
at least one detector comprising at least one of a deformable 
mirrored deflection plate, a reflective elastic layer, and a 
bladder. 

9. The apparatus of claim 8 wherein said at least one 
detector comprises a bladder configured to detect acoustical 
radiation exiting the portion of the breast, said bladder 
positionable adjacent the breast. 

10. The apparatus of claim 9 wherein said bladder 
includes an acoustic transducer. 

11. The apparatus of claim 9 wherein the bladder com- 
prises at least one of a deformable mirrored deflection plate 
and a reflective elastic layer. 

12. The apparatus of claim 9 wherein the bladder com- 
prises a structure for shaping at least a region of the breast 
and for providing compression to the breast. 

13. The apparatus of claim 1 wherein the structure com- 
prises two plates of substantially the same size. 

14. The apparatus of claim 13 wherein the two plates can 
be moved in tandem along the breast to be scanned during 
image acquisition. 

15. The apparatus of claim 1 wherein the structure com- 
prises two plates of different sizes. 

16. The apparatus of claim 15 wherein at least one plate 
can be moved during image acquisition. 

17. The apparatus of claim 16 wherein the structure is 
contoured and provides at least one of gradual compression 
to the breast, a flat radiation entrance surface, and steep 
compression to the breast. 

18. The apparatus of claim 1 wherein the apparatus is 
configured such that said at least one source of non-ionizing 
radiation of relatively narrow spectral bandwidth is disposed 
such that the radiation from said at least one source will be 
incident on a portion of the breast to be scanned having a 
volume less than a volume of the entire breast. 

19. The apparatus of claim 1 wherein the structure for 
enabling shaping at least a region of the breast and for 
providing compression to the breast is substantially trans- 
parent to non-ionizing radiation. 

20. The apparatus of claim 1 wherein the structure is 
contoured and provides at least one of gradual compression 
to the breast, a flat radiation entrance surface, and steep 
compression to the breast. 

21. A method for obtaining mammography images of a 
portion of the breast using non-ionizing radiation compris- 
ing the steps of: 

(1) positioning a structure for enabling shaping at least a 
region of the breast and for providing compression to 
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the breast proximate to the breast to be scanned, said 
structure having at least one open region enabling 
access to a surface of the breast the surface of the breast 
accessible through said at least one open region sub- 
5 stan ti ally defining a plane; 

(2) compressing the breast with the structure in a direction 
substantially perpendicular to said plane the surface of 
the breast accessible through said at least one open 

10 region; 

(3) irradiating the portion of the breast with non-ionizing 
radiation of a relatively narrow spectral bandwidth, 
said radiation incident on the portion of the breast at a 
plurality of angles; 

15 (4) allowing the radiation to transmit through the portion 
of the breast; 

(5) collimating the radiation; 

(6) detecting at least one of transmitted radiation, back- 
20 scattered radiation, virtual collimated transmitted 

radiation, virtual collimated backscattered radiation, 
radiation due to emission fluorescence, radiation due to 
Raman scattering, and radiation due to Doppler scat- 
tering with a radiation detector; and 
25 (7) translating the detected radiation into a mammography 
image of the portion of the breast. 

22. The method of claim 21 wherein the step of irradiating 
the portion of the breast with non-ionizing radiation of a 
relatively narrow spectral bandwidth comprises 

30 (1) positioning at least one source of non-ionizing radia- 
tion of relatively narrow spectral bandwidth proximate 
the surface of the breast accessible through said at least 
one open region in said structure; and 

35 (2) irradiating the portion of the breast with non-ionizing 
radiation of a relatively narrow spectral bandwidth 
from the source. 

23. The method of claim 21 including the additional step 
of introducing a coupling material of suitable index of 
refraction between the source of non-ionizing radiation and 

40 the surface of the breast. 

24. The method of claim 21 wherein the optically trans- 
parent structure comprises two plates of substantially the 
same size, the method including the additional step of 
moving the two plates of the optically transparent structure 

45 in tandem simultaneously with irradiating the portion of the 
breast. 

25. The method of claim 21 wherein the optically trans- 
parent structure comprises two plates of substantially dif- 
ferent size, including the additional step of moving at least 

50 one plate of the optically transparent structure simulta- 
neously with irradiating the portion of the breast. 

26. The method of claim 21 wherein the portion of the 
breast imaged has a volume less than a volume of the whole 
breast. 

55 27. The method of claim 21 wherein steps 1-7 are 
repeated for a plurality of portions of the breast to be 
scanned. 

28. The method of claim 27 including the additional step 
of combining the mammography image formed for each 
portion of the breast to be imaged into a complete image of 

60 the breast. 

29. The method of claim 21 wherein the structure com- 
prises a contoured compression plate and the step of com- 
pressing the breast provides at least one of gradual com- 
pression to the breast, a flat radiation entrance surface, and 

65 steep compression of the breast. 

* * * * * 
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Towards Virtual Electrical Breast Biopsy: 
Space-Frequency MUSIC for Trans- Admittance Data 



Bernhard Scholz 



Abstract — Breast cancer diagnosis may be improved by elec- 
trical immittance measurements. We have developed a novel 
method, space-frequency M t/ltiple Signal Classification (MUSIC), 
to determine three-dimensional positions and electrical param- 
eters of focal lesions from mullifrequcncy trans-admittance data 
recorded with a planar electrode array. A homogeneous infinite 
volume conductor containing focal inhomogeneities proved to be 
a useful patient-independent model for the breast containing foca? 
lesions. Lesions polarized through the externally applied electric 
field are considered as distributions of aligned dipoles. Indepen- 
dence of the lesions' shape and size is achieved by a multipole 
expansion of such a dipole distribution. Thus, lesions are described 
by point-like multipoles. Their admittance contributions are given 
by a sum over products of multipole-specific source-sensor 
transfer functions, called lead fields, multiplied by their moments. 
Lesion localization corresponds to multipole search, and uses 
orthonormab'zed lead fields for comparison with a signal subspace 
from a singular value analysis of a space-frequency data matrix. 
At the locations found, the moments' frequency behavior is 
calculated which is assumed to be tissue-specific due to their 
dependence on conductivities. Results from clinical data show 
that space-frequency MUSIC successfully localizes lesions. Tissue 
differentiation might be possible, especially when the frequency 
range of the measurement system will be increased. 

Index Terms — Breast cancer, electrical bio-immittance, elec- 
trical impedance, lesion localization, MUSIC, tissue classification. 



I. Introduction 

BREAST cancer is the most frequent cancer in women in 
the Western countries. Nearly 200 000 new cases of breast 
cancer are expected in the United States in 2001 [1]. In the 
process of diagnosis a rate of 1 0% of screening cases are sent 
to further diagnostic examinations, 25% of which have to un- 
dergo biopsy due to equivocal findings. Four out of five of these 
biospsies are negative [2]. In absolute figures, this means, up to 
800000 biopsies are unnecessary in the US each year. There- 
fore, reduction of unnecessary biopsies is mandatory. It would 
increase patient comfort and decrease costs. 

The number of unnecessary biopsies can only be reduced by 
decreasing the number of equivocal findings through enhanced 
sensitivity and specificity. In targeted clinical studies, the ad- 
mittance breast scanner TS2000 1 achieved higher rates of sen- 
sitivity and specifity when used adjunctively with X-ray mam- 
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mography than mammography alone. It got FDA approval for 
adjunctive use with mammography. The TS2000 system will be 
briefly described in Section II. Despite of its success, further 
improvements of the TS2000 device regarding sensitiv ity and 
specificity, are desirable. 

This paper presents a data model generalizing the dipole 
model of [4] and — based on it — presents space-frequency 
Multiple Signal Classification (MUSIC) (SF-MUSIC) as a 
novel method to analyze TS2000's mulrifrequency admittance 
data. MUSIC invented for the analysis of space-time data, 
originally in radar technology [5J, then in biomagnetism 
[6]-[8], and in functional magnetic resonance imaging [9], is 
transferred to analyze space-frequency bioimmittance data. 

The signal generators are supposed to be focal lesions at dif- 
ferent positions below the measurement array having different 
frequency behavior of their electrical parameters. Additionally, 
the lesion-surrounding tissue contributes background signals 
over the whole measurement array of narrowly spaced 8 x 8 or 
16x16 electrodes (interelectrode distance is 3 mm), in case 
of the small or the large probe. This and the spatial extension 
and shape of focal lesions are taken into account in the data 
model, see Section III. The a priori unknown structure of a 
lesion is described by a multipole expansion of a distribution 
of molecular and cellular dipoles in its volume. 

Results of the SF-MUSIC algorithm, which will be presented 
in Section IV, are the three-dimensional (3-D) locations and the 
spectral behavior of the conductivity-dependent electrical mul- 
tipole moments of possible lesions. Here and throughout this 
paper, conductivity means complex electrical conductivity de- 
scribing conductive and capacitive tissue properties [10]. Since 
electrical conductivity can be assumed as tissue-specific, the 
frequency dependence of those moments should allow nonin- 
vasive lesion classification provided data are recorded in an 
appropriate frequency range. In Section V, results from clin- 
ical data are shown. They demonstrate the effectiveness of the 
proposed SF-MUSIC method regarding localization. They en- 
courage measurements in an increased frequency range to es- 
tablish a well-founded tissue classification procedure. 

II. Measurement Device 

The measurement tools are scan probes and a reference 
electrode. The probes contain each a planar array of electrodes 
(16 x 16 and 8 x 8 on the large and small probes, respectively). 
Each electrode has an area of 3 x 3 mm 2 . The center-to-center 
distance between electrodes is 4 mm, thus leaving a space 
of 1 mm between adjacent electrodes. The sensing area is 
surrounded by a metallic strip of 7 mm width, termed the guard 
ring, which hinders electrical edge effects. Thus, the total probe 
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Fig. 1. Breast examination with the TransScan TS2000 breast scanner. The 
patient lies recumbent, holding the cylindric reference electrode in the hand 
contralateral to the examined breast. 

areas are 79 x 79 mm 2 and 47 x 47 mm 2 of large and small, 
respectively. The reference electrode is a metallic cylinder 
(diameter: 3.4 cm; length: 12 cm) which is held by the patient 
in her hand, Fig. 1 . 

Current flow through the breast is induced by a potential dif- 
ference between probe electrodes being at ground potential, and 
the reference electrode. The potential of the reference electrode 
is adjusted automatically such that the current signals are op- 
timal. Safety regulations limit the voltage to 2.5 V and the cur- 
rent to 5 mA. The TS2000 currently operates with up to 30 
voltage frequencies in the range from 58 Hz to 5 kHz. 

For each sensor, signal amplitude and phase shift are derived 
from the current data measured during recording time [4]. These 
quantities are converted into admittances, which are visualized 
as maps over the electrode array. Actually, grey scale maps of 
conductances and capacitances are displayed. 

III. Breast and Lesion Model 

The breast containing focal lesions is considered as a homo- 
geneous volume conductor except for the regions of the lesions. 
They are assumed to have different electrical conductivity than 
the surrounding. The volume conductor is supposed to be of in- 
finite extent. This means, boundary influences are assumed to be 
negligible which has been verified by clinical data analysis, so 
far. Thus, the breast model is completely patient-independent. 

In absence of conductivity inhomogeneities, the electric field 
in such a breast model is homogeneous provided the external 
field sources are far away. In a lesion-less case, this picture of 
a homogeneous electric field also applies to the breast region 
below the planar TS2000 measurement array due to a uniform 
potential across this array and a reference potential in the con- 
tralateral hand of the patient [4]. The electric field is directed 
normal to the measurement array. 

In the presence of lesions, the externally applied electric field 
polarizes the lesion due to conductivity differences of the lesion 
and the surrounding breast tissue Permanent and in- 

duced dipoles are oriented along this electric field. Therefore, 



a lesion is a region of aligned dipoles. It can be considered as 
an externally induced and as a spatially extended source of an 
electrical polarization field. The aim of this section is to express 
the admittance measured through lesion-specific quantities de- 
scribing the polarization field. 

The polarization field of a cancerous lesion with higher con- 
ductivity than the surrounding tissue, e.g., a cancerous lesion, 
enhances the current flow along the applied electric field inside 
and outside the lesion where it is decreasing with distance. De- 
pending on its distance with respect to the measurement grid, 
and on its size, shape, and orientation, the lesion is detectable 
through increased current signals [12}. 

The total current density J is a sum of the current densitiy j A 
due to the externally applied field E A , and of the lesion-induced 
polarization current density jl • It can be related to the potential 
of the polarization field. 

J(r) =Ja+Jl =JA- ^B^<pL(r)- (1) 

The applied electric field and the measured currents are ac quan- 
tities of a definite, but adjustable frequency In the subsequent 
text, electric field and currents stand always for the respective 
amplitude quantities. Due to the electric properties of tissue, the 
currents measured depend on the frequency of the applied elec- 
tric field. 

The admittance Ym measured at the mth electrode (position 
vector r m ) is determined by the component of the total current 
density normal to the electrode surface. Since the measurement 
array is planar, all normals are equal, and — without loss of gen- 
erality — are assumed to direct into ^-direction. Therefore, we 
have 

y m (/) = Aja -g°* m Z M •j(r m ,f) m = l ? ...,M (2) 

where M is the total number of electrodes, ^Electrode the area of 
each electrode, U the potential difference between measurement 
array and reference electrode, / the frequency of the applied 
voltage, and e £ the unit vector in z direction. 

Since size and shape of the lesions are unknown, a possible 
way of data description is to get rid of the explicit dependence 
on their geometry. This is achievable by a multipole expansion 
of the distribution of the aligned dipoles. 

The electrical potential <p L at position r due to an arbitrary 
distribution of elemental dipoles in a lesion of volume V(r ' e 
V) within an infinite volume conductor, is given by 

4>l (F, /) = - / dr >p{r /> • V 1 — 

4ttKb J v \T - T'CoGL - 7 \ 

where 

/ frequency of the externally applied electric field; 

p(r f) frequency-dependent elemental dipole moment 
density; 

^CoGL center-of-gravity (CoG) of the lesion of volume V; 
V Nabla operator acting on the position vector r. 
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More precisely, p is a current dipole density. By writing 
p = iix> rh and using k = ie G e (e 0 : permittivity of vacuum), 
we obtain a potential expression with permittivity and stan- 
dard dipole density replacing conductivity and current dipole 
density. Therefore, description in terms of current dipoles or 
in terms of harmonically varying electric dipoles is equivalent. 
We continue the discussion with the current dipole density 
without using explicitly the term "current dipole," later on. 

As can be seen from (3), the tissue-specific frequency depen- 
dence of the lesion signal is now ascribed to the frequency be- 
havior of the elemental dipoles. In (3), dipole—dipole interac- 
tions within V* are assumed to be considered by ascribing an 
effective polarizability to each elemental dipole [13]. The ex- 
pression in (3) can be generalized to multiple lesions by sum- 
ming over all existing polarized regions. The interactions be- 
tween separated polarized regions will be neglected [14]. For 
the sake of notational clarity we continue with a single lesion. 

The multipole expansion of (3) up to third-order with respect 
to the CoG of the lesion yields the following expression 

fatf, f) = { J{f) # ^ " # ^ ^ 

+ifc(/)*V®V®V + ...)—i r (4) 

2= J \r — ?coGL| 

where the 0 denotes the tensor product, and the big dot means 
complete contraction of all vector or tensor indexes, respec- 
tively. The first term of (4) — the monopole term of the expan- 
sion of a dipole distribution — is the overall dipole moment of the 
lesion, denoted as d. The second term has a quadrupolar struc- 
ture, and the third term is of octupolar type. In general, the mul- 
tipole nature of the contributions of (4) is augmented by one, 
compared with a corresponding expansion of a charge distri- 
bution. The potential can be thought of as being generated by 
point-like moments located at the lesion's CoG. They are given 
by 

d= j dr q = dr'v 1 <g> pjf ) 
and 

£ = j dr'r' <S> f ' ® p{r'). (5) 

The dependence on the lesion's geometry has disappeared at the 
expense of a series of terms. In (4) and (5), the CoG as the lo- 
cation of the point-like moments and the frequency are omitted 
in order to facilitate readability. 

The multipole structure of (4) becomes similar to that of a 
charge distribution, if the alignment of the dipoles is taken into 
account. As assumed above, the externally applied electrical 
field and the elemental dipole moment vectors are oriented 
along the z direction. Thus, the dipole moment density is 
p = pe z , and has only a single nonvanishing component. It can 
be considered henceforth — like a charge density — as a scalar. 
Considering in (4) the orientations described, calculating the 
gradient of the potential, and inserting the result into (1), and 
then inserting the current density expression into (2), we get 



for the admittance measured at the mth electrode position at 
frequency / 

V ( f\ — -^Electrode 

X |c*«Xi(f m ,/) + £i(r ms r CoGL )d(/) 
+ L 2 {r rn , FcoGl) • <?(/) 

+ LJr™ ffcbGL) • iU) + •••}- (6) 

Equation (6) expresses the admittance in terms o£ the ''back- 
ground" current density ja and in terms of geometrical and elec- 
trical multipole quantities Li, L 2 , d, q, and ± describing 
a lesion with CoG at position rtoGL and a frequency-depen- 
dent strength. Thus, lesions are considered as multipolar signal 
sources, in addition to the inevitable "background" signals from 
surrounding breast tissue. Subsequently, the multipole quanti- 
ties are discussed. 

The tensor rank of the moments, compared with (5), is re- 
duced by one. The total scalar dipole moment d of the lesion is 
given by 

d(f) = e z d(f) = e z J dv'p(r\ /). (7) 
The quadrupole moment reduced to a vector is 

g{f) = J dr'r'p(r< 7 f)<S>e z = q(f) © e z . (8) 

In case of a homogeneous spherical dipole distribution, the re- 
duced quadrupole moment is zero, as is easily seen and as it 
should be. The second-rank tensor £ is defined by 

t = 3[- trace(|)l 3 (9) 

where I3 is the 3-D unit tensor, and | is related to the octupole 
moment k of (5) via 

£(/) = j dr'r> 0 r'p(r', f)0e z ~ 1(f) ®e £ , (10) 

As mentioned above, the elemental dipoles are assumed to be 
frequency dependent in a tissue-specific way. Through the mul- 
tipole expansion, this frequency dependence is adopted by the 
multipole moments, see (7)-(10). Thus, the frequency depen- 
dence of the admittance, initially given by the elemental dipoles, 
is now explained by the frequency behavior of the multipole mo- 
ments. Further, their in- and out-of-phase parts, i.e., their real 
and imaginary parts, are related to real and imaginary part of 
the admittance data. 

The source-electrode-dependent functions L ly £2, and ^ 
give rise to maps specific for each point-like multipole moment, 
Fig. 2. Following bioelectricity [15] and biomagnetism [16], 
they are called lead fields. From the multipole expansion up to 
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Fig. 2. Muhipole lead fields of a source in a depth of 6 mm. LFl : dipole lead 
field; LF2: vectorial quadrupole lead field; LF3: tensorial octupole lead field, 
according to the first, second, and third term of the multipole expansion of a 
distribution of aligned dipoles (see text). 

third-order of a focal distribution of aligned dipoles, we have a 
single dipole, three quadrupole, and six octupole lead fields. 

The first lead field L± is a scalar field due to the scalar dipole 
moment (7). Correspondingly, the vector nature of L 2 is related 
to the reduction of the quadrupole moment to a vector (8), and 
the second-rank tensor property of ^ is a consequence of the 
reduction of the octupole moment to such a tensor. 

The complexity of their map structure increases with multi- 
pole order, Fig. 2. The z component lead fields (LFl, LF2.z, 
and LF3.zz) describe the symmetric shape of a lesion signal. 
Asymmetry is modeled by the other lead fields. Thus, linear 
combination of maps from multipole lead fields increasing with 
order, allows description of data maps of increasingly compli- 
cated structure caused by shape and size of a lesion. 

From (6) it can be seen that the lead fields define a model sub- 
space of the M-dimensional (M-D) data space. This model sub- 
space depends on the multipole source position, thus describing 
the fact that the admittance data depend on the position of the 
lesion. 

The admittance expression in (6) can be generalized to mul- 
tiple lesions by summing over the different CoGs and the asso- 
ciated multipole moments. This generalization will be presented 
in Section IV-D. There, the spectral behavior of the multipole 
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moments will be determined by inverting the set of linear equa- 
tions relating measured admittances and the multipole moments 
from different lesions. 

IV. Space-Frequency MUSIC 

The problem to be solved in this work, is the 3-D localization 
of focal lesions, and subsequently the estimation of the spec- 
tral behavior of the localized lesions, in order to diagnose their 
benign or malignant nature. The mathematical structure of this 
localization problem is the same as that used to estimate the di- 
rections of arrival of wavefronts impinging onto a sensor array in 
radar measurements, or to estimate the three-dimensional posi- 
tions of focal brain activities in magnetoencephalographic mea- 
surements. In these applications, spatio-temporal data, recorded 
with a sensor array at different time instants, are used to de- 
rive a signal subspace of the data space. At each point within 
the volume-of-interest, a measure of orthogonality between this 
signal subspace and an application-specific model subspace is 
calculated. The peaks of the three-dimensional distribution of 
measures are identified as source locations. At the positions lo- 
cated, the source strengths as a function of time are calculated 
by inverting the set of linear equations relating the measured 
data and the source strengths. 

A. Space-Frequency Data Matrix 

Given the breast and lesion model of Section III, it is obvious 
to analyze space-frequency admittance data with the MUSIC 
algorithm. Therefore, the SF-MUSIC method requires TS2000 
admittance maps at different frequencies f n ,{n = 1, . . . ,N). 
The maps are reformatted as M-D column vectors Y_ in order 
to define a M X N space-frequency data matrix Y of measured 
admittances 

Y=(Y(fi),...,Y(f N ). (11) 

The column vectors characterized by simple underline, are de- 
fined as 

Y{f n ) = (*(/«), . . . , y m {U)) t - (12) 

The underline is also used later in the text and has the meaning 
as in (12). Note, the matrix Y is a complex matrix. In case of 
conductance or susceptance data only, the matrix in (1 1 ) will be 
real. 

B. Singular Value Decomposition 

The number of sources, i.e., of lesions, is supposed to be 
extractable from a singular- value decomposition (SVD) of 
Y. This assumes, lesions with perfectly coherent frequency 
behavior signal generators are not present. The SVD is 

mm{M,N) 

Y = **24jb®v-fc ( ]3 > 

where are the real singular values, and u k and ^ k are M-D 
and TV -dimensional (iV-D) unitary vectors, respectively [17], 
being orthonormalized vectors in case of real matrices. The 
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M-D vectors u K . depend on spatial, i.e., electrode position 
indexes, only. If reformatted two-dimensional ly, they can be 
displayed as maps like the original data. They form a set 
of basis vectors of the complex data space. The frequency 
dependence is contained in the iV-D vectors ^ Jfe . It should be 
noted, that the vectors u k and * fc are dimensionless, and that 
singular values have the dimension of the measured data. 

The number of numerically significant singular values 
is related to sources behaving linearly independently with 
frequency. This behavior is determined by the polarizability of 
the source regions, which in turn depend on both, the conduc- 
tivities of the polarized regions and those of the surroundings. 
For a sphere the polarizability is known to be proportional to 
(«!, - kb)/(kl + 2k b ). E.g., the frequency behavior of signals 
from two spherical lesio s can differ in case of equal lesion 
conductivities but different conductivities of the surroundings. 

The basis vectors related to the significant singular values 
are called signal eigenmaps, and show regular structures deter- 
mined by signals from the background tissue, and from lesions, 
if present. They span the so-called signal subspace. The residual 
maps are eigenmaps, which are mostly determined by noise, and 
they define the orthogonal signal subspace. 

C. Localization 

Based on the data model presented, localization of focal le- 
sions corresponds to find point-like multipoles by comparing the 
signal subspace with the position-dependent lead field or model 
subspace in the volume conductor. The first steps of a search 
procedure are discretization of the search volume, and evalua- 
tion of a localization function, localizer for short, at each grid 
point. Depending on the type of localizer, its minima or maxima, 
respectively, are interpreted as CoGs of lesions. 

The localizer proposed here and most approved with clinical 
data, uese uses lead fields ILl^ (p = • * - > P) whicn are de- 
rived from the P = 10 lead fields L x , L2, and ^ of Section III. 
The steps of derivation are first normalization and second or- 
thogonalization. The initial normalization compensates the de- 
crease of higher order multipole fields with increasing distance 
from the measurement array: map structures of such lead fields 
are considered taken into account at all positions. Additionally, 
normalized lead fields are dimensionless: lead fields of different 
multipole orders are treated on equal footing. Recall, the basis 
vectors of the signal subspace and its orthogonal compliment 
are also dimensionless. Next, the orthogonal ization leads to lead 
fields with a mixed multipole structure as real lesion are sup- 
posed to have. These orthogonalized lead fields U LtP {f) also 
depend on the position rof the point-like multipoles as the orig- 
inal lead fields do. They can be regarded as test fields corre- 
sponding to possible lesions at the position under consideration. 

At each grid point r, the P orthogonalized lead fields U LjP (r) 
are tried to be expressed in a least squares sense in terms of the 
5 eigenmaps. This allows defining cost functions F p as 



with p = 1 P. 



04) 



The U L with the best fit determines the value of the localizer 
F. This means 



F(r) = min jl - fj (a? • U L<p (f))*} , 



with 



(15) 



The H in ( 1 5) denotes Hermitian conjugation of the complex 
eigenmaps. Using the projector P = 1 — Z^*=i <S> M?, we 
see that (1 5) corresponds to a measure of orthogonality onto the 
orthogonal signal subspace. We get 



(16) 



In the presence of lesions and under the assumption that model 
errors are tolerable, this measure exhibits local minima. They 
are identified as CoGs of the lesions. 

Since lesions give rise to peaks in an admittance map, the 
search can be restricted to a line search below the peaks into 
depth direction. This procedure corresponds to the picture of an 
algorithmic needle inserted into a virtual breast. 

In case of several focal lesions with linearly independent fre- 
quency behavior, the localizer is expected to have the corre- 
sponding number of local minima. 

D. Multipole Spectroscopy and Tissue Classification 

The frequency courses of the lesions' multipole moments are 
assumed to be tissue-specific, see Section III. They are calcu- 
lated by inverting the linear relation between the measured ad- 
mittances and the moments at the positions of the lesions lo- 
cated. 

This inversion requires the localization result, since the posi- 
tion vector of the lesion has to be inserted into the lead fields of 
(6).In case of several localized lesions, the contributions from 
moments at all locations are considered by summing over all 
localized positions. The multiple lesion version of (6) will now 
be given in matrix form in order to discuss the inversion for le- 
sion sources at multiple locations. The M x P single source 
lead field matrix (P: number of lead fields; f: source location) 
is defined as 

L (r) - {fa (f) ,L 2tX (f) , . . . , Z^ x (r) , . . . , (f)) . 

(17) 

As before, see (12), the underline denotes a M-D vector in 
data space. The multipole expansion up to third-order of Sec- 
tion III has yielded ten lead fields. The ten source and frequency- 
dependent moments, (7)-(9), are collected into a column vector 
(/: frequency) 



m(r,f) =(d(r,/),««(r,/),..., 



(18) 



The extension to Q localized lesions, requires a multiple source 
lead field matrix A. Its dimensions are M x Q ■ P 



A =(£(?,)... £(r Q ». 



(19) 
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Correspondingly, the multiple source moment vector is a Q • 
P-dimensional column vector 



(20) 



For each frequency /, we get from the multiple lesion version 
of (6), the following relation between the admittances and the 
multipole moments of Q localized lesions 



Uf) = 



A Elect 



u 



U 



where 1 is M-D column vector with ones as components, and 
3A,z denotes the z component of the background current density. 
The ones-column appears because a homogeneous background 
current density j A ,z across the measurement array is assumed. 

The frequency dependence of the moments is now calculated 
by solving (21) at all measured frequencies. The solution is ob- 
tained by a generalized inversion of (21). Due to the complex 
nature of admittance, the moments and the background current 
density are complex, too. Thus, their real and imaginary parts, 
or their magnitudes and phases are subject to further analyses. 

V. Results 

SF-MUSIC has been applied to clinical TS2000 data. The fre- 
quency range was between 1 00 Hz and 5 kHz, and the number 
of frequencies varied between four and seven. The data have 
been recorded without knowledge of any further data analysis. 
Therefore, edge artifacts due to bad probe-breast contact have 
occurred in several cases. They have been removed in a prepro- 
cessing step. The same holds for boundary data due to probe 
movements while measuring. Otherwise, they introduce artifi- 
cial frequency dependence. Too noisy data, up to now only mea- 
sured in the low-frequency range from 100 Hz to 2 kHz, have 
been excluded from the study. 

A first analysis involved 41 data sets from histologically 
proven cases. All lesions besides three benign ones, could be 
localized. The depth positions from line searches below peaks 
were compared with the CoG depths determined by ultrasound. 
The differences have been smaller than half of the lesions' 
extension in depth direction. This means, the SF-MUSIC 
locations have been found to be always within the lesions* 
volumes as determined by ultrasound. 

The localization results are suitably assessed and visualized 
by means of a normalized localization error. It is defined as the 
difference between the ultrasonic CoG depth -zcoG and the depth. . 
localized ^i oc divided by half of the lesion's depth extension 

/^Lesion, i-C, 6 = 2(z C oG ~ ^loc)/^Lesion- Positions found within 

the lesions' volumes have e values between -1 and -f 1. With 
the direction of increasing depth as positive z direction, posi- 
tive e values are related to positions localized between the mea- 
surement array and the ultrasonically determined CoG depth, 
whereas negative values are from positions found in a depth 
greater than the "ultrasonic" CoG depth. 

The plots in Figs. 3 and 4 show, the localization results do not 
depend on the depths and the volumes of the lesions, as known 
from ultrasound. However, notice, the volumes have been of 
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Fig. 3. Normalized localization error of the search results versus the depth of 
the lesion as determined by ultrasound. Localizations within the lesions' volume 
are within the shadowed region (see text). 
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Fig. 4. Normalized localization error of the search results versus the volume of 
the lesion as determined by ultrasound. Localizations within the lesions' volume 
are within the shadowed region (see text). 



moderate size. The three outliers, i.e., the positions found out- 
side the lesions' volume are from benign cases. Since the aim 
of the localization method is to find malignant lesions, and all 
of them have been found, these three results are not considered 
as serious. 

As an example of a SF-MUSIC application, results from data 
generated by a cancerous lesion in a depth of 1 3 mm are pre- 
sented. The preprocessed conductance maps are shown in Fig. 5. 
From single focal lesion data, fig. 5, two significant singular 
values and two signal eigenmaps are expected due to two tissue 
components leading to signals with linearly independent fre- 
quency behavior: the lesion and the surrounding tissue, Fig. 6. 
The eigenmaps are shown in Fig. 7. 
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Fig. 5. Multifrequency TS 2000 conductance data from a malignant lesion. Its 
depth is 13 mm, and its spatial extensions are 12, 8, and 6 mm in x, y, and z 
direction , as determined by ultrasound. Boundary artifacts are removed. 
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Fig. 6. Singular value spectrum of admittance data, the real part of which is 
shown in Fig. 5. There are two significant singular values. 



A line search below the peak signal yielded the cost function 
of Fig. 8. It shows a local minimum at a depth of 1 1 mm which 
is within the lesion as determined by ultrasound. The localized 
CoGs differ by 2 mm only, the normalized localization error is 
+2/3. 

At the location found, the frequency behavior of the com- 
plex multipole moments can be calculated according to Sec- 
tion IV-D. A discussion of moment-versus-frequency curves is 
meaningful only if curves from large set of patient data of the 
same histology would be available. The number of patient data 
analyzed up to now, is too low to show representative curves and 
to draw statistically significant conclusions. Therefore, display 
of such curves is omitted. 



Fig. 7. The real eigenmaps from the SVD of the data displayed in Fig. 5. The 
first two eigenmaps are considered as basis vectors of the signal subspace. 
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Fig. 8. Cost function of the localizer defined in Section IV-C for the 
admittance data of Fig. 5. 



VI. Discussion 

The MUSIC method was transferred and adapted to the 
analysis of multielectrode and multifrequency admittance data 
from the breast recorded with the TS2000 system. The goal has 
been to present an algorithmic tool which will allow decision 
whether admittance data are generated by benign or malignant 
lesions. Since the SF-MUSIC line search for lesions can be 
imagined as conduction of an algorithmic needle, the term 
virtual electrical biopsy seems appropriate. 
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The immediate results of SF-MUSIC are 3-D positions of 
focal lesions, and the frequency behavior of electrical parame- 
ters. In this version of the algorithm these parameters are multi- 
pole moments. Since they depend on the lesions' conductivities, 
a tissue-specific frequency behavior can be expected. 

The first action in SF-MUSIC is extraction of the number 
of conductivity regions and definition of the signal subspace 
through an SVD of the space-frequency data matrix. This re- 
quires that both, the polarizabilities of the lesions and the con- 
ductivity of the tissue surrounding the lesions, behave linearly 
independent with frequency. Multifocal lesions with identical 
frequency behavior of their signals will be detectable in a future 
version of this SF-MUSIC part. 

Localization of the lesions, is the second step and is a precon- 
dition for calculation of the multipole moments. Inputs are the 
signal subspace and the lead fields as model maps from sources 
modeling the lesions. These maps are patient-independent and 
the sources, the multipoles, are point-like. Therefore, they are 
independent of the unknown size and shape of the lesions. Size 
and shape are shifted to the moments of the multipoles. This 
description has been obtained from a multipole expansion of a 
distribution of aligned dipoles representing the lesion, within 
an infinite volume conductor representing the breast. The suc- 
cessful localizations of lesions from patient data suggest that 
this patient-independent breast model and the lesion model are 
justified, at least for the medium-sized lesions investigated so 
far. 

In the case of artifact-free data, localization errors less than 
half of the lesions' depth extension, indicate that model errors 
are small. This is certainly also related to the design of the 
TS2000 measurement probe. Within the ultrasound and TS2000 
measurement errors, the locations from both methods agree. 
Also, the orthogonal lead field localizer has turned out to be su- 
perior to other localizers. Taking the maximum principal angle 
[18] between the signal and the lead field subspaces as a local- 
izer, outliers have occurred. Likewise, the projection localizers 
from biomagnetism [6] have yielded too much inacceptable re- 
sults. In investigating localizers it has been advantageous not to 
incorporate an expression for the background field. 

Up to now, multipole moments have been calculated for a too 
small number of clinical data. Additionally, they have been mea- 
sured in the probably too restricted frequency range between 
100 Hz and 5 kHz. Measurements including frequencies of the 
/3-dispersion range [10] up to some megahertz, are expected to 
lead to moments from which the tissue-specific behavior can 
be better observed or deduced. This expectation is based on 
the conductivity measurements of various types of breast tissue 
[19], [20]. Future research should include a statistically suffi- 
cient number of patients in order to be able to draw diagnosti- 
cally relevant conclusions. 



In summary, in this paper, a physically consistent and a math- 
ematically transparent approach toward virtual electrical breast 
biopsy has been proposed. 
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Table 1.2 Optical properties of human tissues measured in vitro, ex vivo, and in vivo (r.m.s. values given in parentheses) 



Tissue 

In vitro measurements 
Skin: 

Stratum 

comeum 



Epidermis 



Dermis 



K nm 


Ma, cm J 


— 1 

Ms, cm 


/4,cm 


g 


Remarks 


193 


6000 


- 


- 


- 


Frozen sections. 40 


250 


1150 


2600 


260 


0.9 


Data from plots 


308 


600 


2400 


240 


0.9 


presented in Ref. 37, 
data for /x£ 


337 


330 


2300 


230 


0.9 


351 


300 


2200 


220 


0.9 


are calculated 


400 


230 


2000 


200 


0.9 




250 


1000 


2000 


616 


0.69 


Data from plots, 


308 


300 


1400 


407 


0.71 


presented in Ref. 37, 
data for and g are 


337 


120 


1200 


338 


0.72 


351 


100 


1100 


306 


0.72 


calculated using 


415 


66 


800 


206 


0.74 


Eqs. (1.15) and (1.21) 


488 


50 


600 


143 


0.76 




514 


44 


600 


139 


0.77 




585 


36 


470 


99 


0.79 




633 


35 


450 


88 


0.80 




800 


40 


420 


62 


0.85 




250 


35 


833 


257 


0.69 


Data from plots 


308 


12 


583 


170 


0.71 


presented in Ref. 37; 


337 


8.2 


500 


141 


0.72 


values are 


351 


7 


458 


127 


0.72 


transformed in 


415 


4.7 


320 


82 


0.74 


accordance with data 


488 


3.5 


250 


60 


0.76 


for k = 633 nm 144 


514 


3 


250 


58 


0.77 


(bloodless tissue, 


585 


3 


196 


41 


0.79 


hydration — 85%), 


633 


2.7 


187.5 


37 


0.80 


data for jt4 and g are 


800 


2.3 


175 


30 


0.85 


calculated 



Tissue 



X, nm 



Ma, cm 



Ms, cm 



Ms, cm- 



Remarks 



Skin: 

Epidermis 



Dermis 



Blood 



Dermis (leg) 
Dennis 



Dermis 
Dermis 
Dermis 
Dermis 



577 
585 
590 
595 
600 
517 
585 
590 
595 
600 
517 
585 
590 
595 
600 
635 

749 
789 
836 

633 

700 

633 

633 



19 
19 
19 
19 
19 

2.2 

2.2 

2.2 

2.2 

2.2 
354 
191 
69 
43 
25 

1.8 (0.2) 

0.24 (0.19) 
0.75 (0.06) 
0.98 (0.15) 

<10 

2.7(1.0) 

1.9 (0.6) 
1.5 



480 
470 
460 
460 
460 
210 
205 
200 
200 
200 
468 
467 
466 
465 
464 
244 (21) 



78 

23.1 (0.75) 
22.8(1.29) 
15.9 (2.16) 



11.64 
21.3 (3.7) 
23.8 (3.3) 
50.2 



0.787 
0.790 
0.800 
0.800 
0.800 
0.787 
0.790 
0.800 
0.800 
0.800 
0.995 
0.995 
0.995 
0.995 
0.995 
0.68 



0.97 



Averaged using data 
of Verkruysse et al. 
(1993) and van 
Gemertet al. (1992); 
oxygenated blood 126 



Frozen sections 1 43 

Frozen sections, 
double integrating 
sphere technique 
(DIS) 119 
Treweek and 
Barbenel (1996) 106 
Analysis of data from 
Hardy etal. (1956) 122 
Analysis of data from 
Ref. 144 122 

Prahl(1988) 106 



Table 1.2 (Continued) 



Tissue 


k, nm 


■ 

Ma, cm 1 


Ms, cm 1 


/4> cm 1 


g 


Skin and underlying 












tissues, including 


633 


3.1 


70.7 


1 1 A 


U.o 


vein wall (leg) 


















50 




(« = 3) 


810 


0.26 


- 


15.8 


_ 


Caucasian male skin 


500 


15.3 




10/. 4 




(n = 3), external 


810 


0.63 




52.7 




pressure 0. 1 kg/cm 2 












Caucasian male skin 


500 


13.6 




I JO. / 




(« = 3), external 


810 


0.57 




53.7 




pressure 1 kg/cm 2 












Caucasian female 


500 


5.2 


- 


23.9 




skin (n = J) 


810 


0.97 




8.2 


— 


Caucasian female 


500 


7.4 








skin (rt = 3), external 


810 


L4 




11.3 




pressure 0. 1 kg/cm 2 












Caucasian female 


500 


10.0 




40.2 




skin (n = 3) external 


810 


1.7 




13.1 




pressure 1 kg/cm 3 












Hispanic male skin 


500 


3.8 




24.2 




(« = 3) 


810 


0.87 




7.5 




Hispanic male skin 


500 


5.1 




37.6 




(n = 3), external 


810 


0.93 




11.4 




pressure 0.1 kg/cm 2 













Remarks 

Tissue sections 168 

Integrating sphere 
technique (IS), IAD; 
sample thickness: 
0.40, 0.23, 0.25 mm 155 
IS, IAD: sample 
thickness: 0.15, 0.05, 
0.13 mm 155 
IS, IAD; sample 
thickness: 0.12, 0.05, 
0.13 mm 155 
IS, IAD; sample 
thickness: 0.42, 0.50, 
0.50 mm 155 
IS, IAD; sample 
thickness: 0.30, 0.30, 
0.34 mm 155 
IS, IAD; sample 
thickness: 0.27, 0.20 
0.23 mm 155 
IS, IAD; sample 
thickness: 0.70, 0.78, 
0.63 mm 
IS, IAD; sample 
thickness: 0.35, 0.62, 
0.48 mm 



o 

zr 

£11 

"S. 

CD 



Tissue 


A., nm 


Ma» cm" 1 


Ms, cm 1 


M^ cm- 1 


8 


Hispanic male skin 


500 


6.2 




40.4 




(n — 3), external 


810 


0.87 




10.2 




pressure 1 kg/cm 2 












Lung 


515 


25.5 (3.0) 


356 (39) 








635 


8.1 (2.8) 


324 (46) 


81 


0.75 




1064 


2.8 


39 




0.91 


Muscle 


515 


11.2(1.8) 


530 (44) 








1064 


2.0 


215 




0.96 


Meniscus 


360 


13 




108 






400 


4.6 




67 






488 


1 




30 






514 


0.73 




26 






630 


0.36 




11 






800 


0.52 




5.1 






1064 


0.34 




2.6 




Uterus 


635 


0.35 (0.1) 


394(91) 


122 


0,69 


Aorta 


633 


0.52 


316 


41.0 


0.87 


Aorta: 












Normal 


308 


33 




77 




Normal coagulated 


308 


44 




270 




Fibrous plaque 


308 


24 




81 




Fibrous plaque 


308 


34 




272 




coagulated 










Aorta normal 


1064 


0.53 (0.09) 


239 (45) 


23.9 


0.9 


Aorta coagulated 


1064 


0.46 (0.18) 


293 (73) 


29.3 


0.9 



Remarks 

IS, IAD; sample 
thickness: 0.28, 0.48, 
0.33 mm 

Frozen sections 143 
Data from Ref. 2 

Frozen sections 1 43 
Data from Ref. 2 

Frozen, thawed, slab, 
data from Ref. 40 



Frozen sections 1 43 
Freshly excised, kept 
in saline, Ref. 40 

Postmortem (6 h), 
excised, in 4°C saline, 
slab, water bath 
(85°C), data from 
Ref. 40 

Post mortem , slab 
70°C water bath, 10 
min, data from 
Ref. 40 



3 

I 

CD* 
O 

3 



00 

3 



CO 
o 

§ 

CD 



Table 1.2 (Continued) 



Tissue 


A., nm 


Ma, cm 1 


Ms, cm 


Aorta: fibro- fatty 


355 


17.7 






532 


3.6 






1064 


0.09 




Aorta 




0.52 


316 






0.5 


239 






0.7 








z.z 


233 




1320 






Aorta 


470 


5.3 (0.9) 


— 




476 


5.1 (0.9) 


- 




488 


4.5 (0.9) 


- 




514.5 


3.7 (0.9) 


- 




580 


2.8 (0.9) 


- 




600 


2.6 (0.9) 


- 




633 


2.6 (0.9) 


- 




1064 


2.7 (0.5) 




Aorta: 








Intima 


476 


14.8 


237 




580 


8.9 


183 




600 


4.0 


178 




633 


3.6 


171 




1064 


2.3 


165 


Media 


476 


7.3 


410 




580 


4.8 


331 




600 


2.5 


323 




633 


2.3 


310 




1064 


1.0 


634 



-I 



Ms, cm 1 

64.9 
24.8 
7.7 

41 

23.9 

22.4 

23.3 

17.8 

42.6 (6.0) 
41.9 (5.9) 
39.9 (5.6) 
36.9 (5.4) 
31.1 (4.9) 
29.6 (4.7) 

27.4 (4.4) 

15.5 (2.8) 

45.0 
34.8 
33.8 
25.7 

45.1 
33.1 
35.5 
31.0 



0.87 
0.9 

0.9 



0.81 
0.81 
0.81 
0.85 
0.97 
0.89 
0.90 
0.89 
0.90 
0.96 



Remarks 

Post mortem, 
resected, slab (24 h), 
data from Ref. 40 
Post mortem, slab, 
data from Ref. 40 



Thin sections 
(250 M-m, intima and 
media), kept in 
saline. 173 Corrected 
data (see Ref. 3) 



Frozen sections 108 



Frozen sections; 
data from Ref. 2 
Frozen sec tions 1 08 



Frozen sections; 
data from Ref. 2 



Table 1.2 (Continued) 



Tissue 



k, nm 



Ma. cm 



Ms i cm 



-l 



M s > cm 



8 



Remarks 



Adventitia 



Bladder: 
Integral 

Integral 
Mucous 
Wall 
Integral 
Heart: 

Endocardial 

Epicardial 

Myocardial 

Epicardial 

Aneurysm 

Trabecula 

Myocardial 

Myocardial 

Kidney: 
Pars conv. 
Medulla ren. 

Femoral vein 

Liver 



476 
580 
600 
633 
1064 

633 

633 
1064 
1064 
1064 

1060 

1060 
1060 
1060 
1060 
1064 
1064 
1060 

1064 
1064 

1064 

515 
630 
635 
1064 



18.1 

11.3 

6.1 

5.8 

2.0 

1.40 

1.40 
0.7 
0.9 
0.4 

0.07 

0.35 

0.3 

0.21 

0.4 

1.4 

1.4 

0.52 

2.4 
2.1 

3.2 

18.9(1.7) 
3.2 

2.3 (1.0) 
0.7 



267 
217 
211 
195 
484 

88.0 

29.3 
7.5 
54.3 
116 

136 

167 

177.5 

127.1 

137 

424 

324 



72 
77 
487 

285 (20) 
414 

313(136) 
356 



69.4 
49.9 
46.4 
37.1 



3.52 
2.64 



4.48 



100 



0.74 
0.77 
0.78 
0.81 
0.97 

0.96 

0.91 
0.85 
0.85 
0.90 

0.97 

0.98 
0.96 
0.93 
0.98 
0.97 
0.96 



0.86 
0.87 

0.97 

0.95 
0.68 
0.95 



Frozen sections 108 



Frozen sections; 
data from Ref. 2 

Excised, kept in 
saline, Ref. 40 
Data from Ref. 2 



Excised, kept in 
saline, Ref. 40 
Data from Ref. 2 



Ref. 138 

Data from Ref. 2 

Data from Ref. 2 

Frozen sections 143 
Ref. 138 

Frozen sections 1 43 



Table 1.2 (Continued) 



Tissue 

— 


A., run 


Ma, cm 1 


Female breast: 






Fatty normal 


749 


0.18 (0.16) 


yn = Z3) 




0.08 (0.10) 




836 


0.11 (0.10) 


Fibrous normal 




0.13 (0.19) 


(n — j:>) 




0.06 (0.12) 






A AC ft\ f\Q\ 

U.U5 (U.Uo) 


Infiltrating 


740 


U.I j (U. 14) 


carcinoma 


789 


0 04 (0 OJtt 


(n = 48) 


836 


0 1 0 f ft I Q"! 


Mucinous 


749 




Carcinoma 


789 


ft oifi /ft ft7o^ 


(n = 3) 


836 


0 02^ fft 1 (XR\ 


Ductal carcinoma 


749 


ft fY1A (f\ CSfSt\ 
\J.\JfO \\J.UOo) 


in situ 


789 




(n — 5) 


836 




Female breast: 






Grandular tissue 


540 


3.58 (1.56) 


(n = 3) 


700 


0.47 (0.11) 


Fatty tissue 


900 


0.62 (0.05) 


540 


2.27 (0.57) 


(n = /) 


700 


0.70 (0.08) 






A /f\ no \ 
U.75 (0.O8) 


Fibrocystic 


540 


1.64 (0.66) 


<n = 8) 


700 


0.22 (0.09) 




900 


0.27 (0.11) 


Fibroadenoma 


540 


4.38 (3.14) 


0* = 6) 


700 


0.52 (0.47) 




900 


0.72 (0.53) 


Carcinoma 


540 


3.07 (0.99) 




700 


0.45(0.12) 




900 


0.50 (0.15) 



Ms, cm 1 

8.48 (3.43) 
7.67 (2.57) 
7.27 (2.40) 
9.75 (2.27) 
8.94 (2.45) 
8.10 (2.21) 
10.91 (5.59) 
10.12 (5.05) 
9.10 (4.54) 



M s , cm 



-1 



6.15 (2.44) 
5.09 (2.42) 
4.78 (3.67) 
13.10 (2.85) 
12.21 (2.45) 
10.46 (2.65) 

24.4 (5.8) 
14.2 (3.0) 
9.9 (2.0) 
10.3(1.9) 
8.6(1.3) 
7.9(1.1) 

21.7 (3.3) 
13.4(1.9) 
9.5 (1.7) 
11.1 (3.0) 
7.2(1.7) 
5.3(1.4) 
19.0 (5.1) 

11.8 (3.1) 
8.9 (2.6) 



Remarks 



Excised, kept in 
saline, 37°C, 
Ref. 119 



Homogenized 
tissue, Ref. 147 



Table 1.2 (Continued) 



Tissue 


k, nm 


Ma, cm 1 


Ms, cm -1 


M s , cm 1 


g 


Remarks 


Female breast: 














Carcinoma 


580 


4.5 (0.8) 








Tissue slices of 




850 


0.4 (0.5) 








thickness 




1300 


0.5 (0.8) 








5-5.3 mm, 


Adjacent healthy 


580 


2.6(1.1) 








Ref. 115 


tissue 


850 


0.3 (0.2) 












1300 


0.8 (0.6) 










Fatty tissue 


700 






13(5) 


0.95 (0.02) 




Fibroglandular 














tissue 


700 






12(5) 


0.92 (0.03) 




Carcinoma (central 














part) 


700 






18(5) 


0.88 (0.03) 




Female breast: 














Fatty tissue 


625 


0.06 (0.02) 




14.3 (2,1) 




Ref. 31 


Benign tumor 


625 


0.33 (0.06) 




3.8 (0.3) 






Colon: 














Muscle 


1064 


3.3 


238 




0.93 


Data from Ref. 2 


Submucous 


1064 


2.3 


117 




0.91 




Mucous 


1064 


2.7 


39 




0.91 




Integral 


1064 


0.4 


261 




0.94 




Esophagus 


633 


0.4 




12 




2.5 mm slab, Ref. 40 


Esophagus 


1064 


1.1 


83 




0.86 


Data from Ref. 2 


(mucous) 














Fat: 














Subcutaneous 


1064 


2.6 


29 




0.91 


Data from Ref. 2 


Abdominal 


1064 


3.0 


37 




0.91 





